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In the last few decades, N-heterocyclic carbenes (NHCs) have emerged as a powerful class 
of carbon-based ligands. Owing to their unique electronic and steric properties, they have 
been incorporated in a large variety of catalytically active metal complexes. One of the 
strategies that have been used to modify the ligand properties of NHCs is annulation with 
different carbo- and heterocyclic groups. It has been shown that annulation in the 4-5 
position of the imidazole ring significantly influences the stability and the σ-donor/π-
acceptor properties of the carbene species, and this may be used as a versatile tool for the 
fine-tuning of their electronic properties. Following a brief review of NHC history, the 
synthesis and structural characterization of a new class of fused N-heterocyclic carbene 
ligands with a rigid bidentate architecture will be reported. Complexes of type 
[(NHC)M(COD)Cl], [(NHC)M(CO)2Cl] (M = Rh and Ir) and [(NHC)MCl] (M = Au) were 
prepared and characterized using spectroscopic and crystallographic methods. The results 





A BRIEF HISTORY OF N-HETEROCYCLIC CARBENES 
 
1.1 General overview 
A carbene is a compound that contains a two-coordinate carbon bearing no formal charge 
and two non-bonding electrons. The geometry around the carbene carbon can be linear (sp-
hybridization) or bent (sp2- hybridization). 
Depending on whether the nonbonding electrons are of the same or opposite spin, 
carbenes are classified as singlet or triplet species (Figure 1.1). This is referring to the spin 
multiplicity of the molecular orbitals calculated as 2s+1 = multiplicity (s = total spin). A 
triplet carbene has two unpaired electrons (spin = + ), producing a total spin of 1 and 
multiplicity of 3.  This is the most energetically favorable state for a carbene with alkyl or 
hydrogen substituents because the energy difference between the px and py orbitals is 
smaller than the energy of pairing two electrons (Figure 1.1). The simplest carbene, 
methylene, is an example of a triplet carbene. A singlet carbene has only paired electrons, 
so its multiplicity is 1 [2(0)+1 = 1]. A singlet state occurs when the substituents on the 
carbene carbon are heteroatoms: N, O, S, or X. These elements are more electronegative 
than carbon. This interaction makes the energy gap between the sp2 and the pπ larger than 
the energy it takes to pair the electrons.  
The ground-state spin multiplicity of carbenes dictates their reactivity. Triplet 
carbenes with two unpaired electrons react as diradicals while singlet carbenes react with 
a filled and a vacant orbital and display an ambiphilic character. In general, carbenes are 
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very reactive and unstable. They can activate a carbon-hydrogen bond in an alkane to form 
a new carbon-carbon bond. They also form cyclic structures in reactions with alkenes. The 
majority of carbenes must be generated in situ because of their instability. The free lone 
pair on the carbenic carbon and its tendency to form four bonds makes it very susceptible 
to oxidation; therefore, generating carbenes is always done under inert conditions. 
 
Figure 1.1 Orbitals depicting the singlet and triplet carbene states. 
 
1.2 History of diaminocarbenes 
Traditionally, carbenes were viewed as reactive intermediates that were too unstable to be 
isolated and could only be studied indirectly, e.g. by trapping reactions.  In the 1960s, 
Wanzlick et al. attempted to isolate a free diaminocarbene through α-elimination of 
chloroform from the corresponding 2-trichloromethyl imidazolidine (Scheme 1.1). 
However, the free carbene was too unstable to be isolated. Wanzlick was only able to 





Scheme 1.1 Wanzlick’s attempt to stable carbene. 
 
In 1970, Wanzlick's group proved that the deprotonation of an imidazolium salt 
with a strong base could generate the corresponding carbene.4  However, Wanzlick did not 
isolate the free carbene, but the corresponding mercury and isothiocyanate adducts.  
It was not until twenty years later (1991) when Arduengo’s group isolated the first 
free diaminocarbene (Scheme 1.2).5  They deprotonated an imidazolium salt substituted 
with bulky substituents (adamantlyl) with sodium hydride in the presence of a catalytic 
amount of DMSO. This carbene was found to be indefinitely stable at room temperature in 
the absence of oxygen and moisture. It melted at 240–241 °C without decomposition and 
it was stable enough to obtain X-ray diffraction data. 

















Since Arduengo’s discovery, the area of stable, singlet, nucleophilic N-heterocyclic 
carbenes (NHCs) has become a successful and fast paced sub-discipline of organometallic 
chemistry. Research into these powerful ligands has been increasing exponentially ever 
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since. In 2015 alone, almost 700 papers were published on N-heterocyclic carbenes.6  
Among NHCs, diaminocarbenes are by far the most studied and utilized N-heterocyclic 
carbenes and are the focus of this thesis. 
 
1.3  Methods to generate diaminocarbenes 
Generation of diaminocarbenes by deprotonation is the most common method to generate 
NHCs (Scheme 1.3). It employs strong, non-nucleophilic bases such as sodium or 
potassium hexamethyldisilazide (NaHMDS or KHMDS),7 potassium tert-butoxide (KOt-
Bu),8 or sodium hydride (NaH).5  One major advantage of this method is that it is fast and 
occurs at low temperatures. This allows the synthesis of unstable carbenes. 
Scheme 1.3 Generation of NHCs by deprotonation (R = alkyl, aryl). 
 
A different approach to alkyl-substitued carbenes introduced by Kuhn’s group is the 
reduction of imidazole-2-thiones with potassium or sodium/potassium amalgam in boiling 
THF (Scheme 1.4).9  This method is slow and thermally intense and therefore suitable only 







Scheme 1.4 Generation of NHCs by reduction. 
 
A series of other less commonly used methods to generate carbenes have also been 
reported. For example, a series of carbon dioxide adducts and magnesium, tin, and zinc 
complexes of various diaminocarbenes were used as precatalysts because they release in 
situ the corresponding carbene.10, 11  Reduction with bis(trimethylsilyl)mercury of 
chloroamidinium and -iminium salts was recently used by Bertrand and co-workers for the 
generation of aminocarbenes.12  A variety of 4- and 4,5-functionalized imidazole-ylidenes 
were prepared in moderate to good yields by deprotonation with KHMDS at low 
temperature of C2-substituted imidazolium salts.7  -Elimination of alcohol, chloroform 
or pentafluorobenzene by thermal decomposition has also been employed in the generation 
of NHCs (Scheme 1.5).13  







1.4 Electronic stabilization of cyclic diaminocarbenes 
Using the methods outlined in section 1.3, a broad variety of cyclic diaminocarbenes have 
been isolated.  The carbenes derived from imidazoles, imidazole-2-ylidenes, are 
monomeric nucleophilic carbenes (Figure 1.2, structure A). They are stable and show no 
tendency to dimerize, even with small R substituents such as methyl, ethyl, or propyl.5, 14-
16  With only one exception (R = mesityl), all related C-C saturated carbenes, imidazolin-
2-ylidenes (Figure 1.2, structure B) dimerize to the corresponding diaminocarbene dimers 
(Figure 1.2, structure C).17  Benzannulated imidazole-2-ylidenes of type (D) have also been 
characterized, but those with small R substituents tend to dimerize.8, 18-20   
 
 
Figure 1.2 Examples of diaminocarbenes. 
 
It became clear early on that not the steric hindrance (kinetic effects), but rather the 
electronic structure (thermodynamic effects) is the essential feature in the stabilization of 
diaminocarbenes.  Steric hindrance quite certainly contributes to stability, but two 
electronic effects are essential for the exceptional stability of diaminocarbenes. First, the 
inductive sigma-effect of the nitrogen atoms stabilizes the pair of unshared electrons in the 
sp2-hybridized orbital of the carbene center (Figure 1.3). Second, the electron deficiency 
of the carbenic center is reduced by donation into the out-of plane p orbital of the nitrogen 




Figure 1.3 Electronic stabilization of diaminocarbenes. 
 
1.5 Electronic properties of diaminocarbenes 
The electronic stabilization depicted in Figure 1.3 explains why diaminocarbenes are 
capable of functioning as neutral, two electron σ-donor ligands. However, recent reports 
have shown some evidence of π-backbonding from the metal to the carbenic center, but it 
is still considered a very minor or non-existent component of the metal-carbene bond.22, 23   
Due to these electronic and steric properties, diaminocarbenes display several 
superior properties as ligands for transition metals over the popular organophosphine 
ligands. They are more nucleophilic and they can be bulkier than their phosphine 
counterparts.24  In general, their transition metal complexes exhibit metal-carbon bonds 
that are chemically and thermally more robust. Glorius and Dröge compiled a table of bond 
dissociation energies (BDE) values for common diaminocarbenes and phosphine ligands 
(Table 1.1). This table shows that, in contrast to phosphine ligands, the diaminocarbenes 
show very high metal-carbon bond dissociation energies.  It is also evident that the steric 
properties of the ligand can have a strong influence on bond strength. A bulkier ligand will 
have a lower BDE, and can cause crowding around the metal center. This crowding also 
causes other ligands to have a lower BDE. For example, the dissociation energy of the 
tricarbonyl nickel complexes are consistently lower and they tend to easily lose a CO ligand 
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to form the higher BDE dicarbonyl complex. Since diaminocarbenes can be more sterically 
demanding than phosphine ligands, this effect can be more pronounced. 
Table 1.1 BDE values (kcal mol-1) for CO and L (L=NHC or phosphine) 
determined by calorimetric studies and calculations.25  
Entry Ligand* 
BDE of CO 
in 
[Ni(CO)3L] 
BDE of L 
in 
[Ni(CO)2L]
BDE of L in 
[Cp*RuCl(L)]
1 IMes 28.3 46.5 15.6 
2 ICy 27 46.3 21.2 
3 SIMes 26.8 47.2 16.8 
4 IPr 26.7 45.4 11.1 
5 SIPr 25.6 46.1 12.1 
6 ItBu 13.3 44.3 - 
7 IAd 7.6 46.5 6.8 
8 PPh3** 30.4 30 - 
9 PtBu3** 27.4 34.3 - 
10 PCy3** - - 10.5 
*See Table 1.2 for abbreviations. **Phosphorus based ligands indicated with a P. 
 
Table 1.2 Common diaminocarbene abbreviations. 
 
 
1.6 Metal complexes of diamiocarbenes  
Carbenes have been used to form organometallic complexes with all of the transition metals 
and most main group elements.26-31 There are three main ways to form carbene metal 
complexes: a) the complexation of the free, pre-isolated carbene, b) the in situ 
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deprotonation of the imidazolium salt precursor and c) transmetallation, often using silver 
oxide. 
The use of a pre-isolated carbene is the simplest method for generating carbene 
complexes. This works well for carbenes that are stable. The carbene can be generated, 
isolated, and reacted later with a metal precursor without special requirements for the 
ligand sphere or oxidation state. Carbenes can cleave dimeric metal complexes with 
bridging ligands such as halides, carbon monoxide or acetonitrile. Phosphine and carbonyl 
ligands are also easily displaced by diaminocarbenes.32, 33  Metal precursors such as [(η4-
COD)MCl]2 or [Cp*MCl2]2 (M = Rh, Ir),33-35  [(η6-cymene)RuCl2]2,33, 34, 36  
[Rh(CO)2Cl]2,34  [Cp*RuCl]4,37  or M[N(SiMe3)2]3 (M = Y, La)38  form these kind of 
complexes. Scheme 1.6 illustrates an example of such a reaction where the preisolated 
carbene readily displaces two phosphine ligands in the reactions with a palladium (0) 
diphosphine complex.32  




 In situ deprotonation of the imidazolium salt precursor in the presence of a metal 
complex is the most common method for generating carbene-metal complexes. Many 
azolium salt precursors can be quite acidic (pKa as low as 14.5 in DMSO).39  The base is 
typically added slowly into a mixture containing the salt and the metal precursor. As the 
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carbene is generated, it immediately reacts with the metal in solution. This works well for 
carbenes that are not very stable and are difficult to handle. For example, this was the 
method used previously by our group to generate an iridium cyclooctadiene complex of a 
phenanthrene-fused diaminocarbene (Scheme 1.7).40   




Another way to accomplish in situ deprotonation is by using a metal precursor that 
has a basic ligand such as hydride,41, 42  acetate,43  or alkoxide.44  For example, Wanzlick 
used Hg[OC(O)CH3]2 for the synthesis of a mercury bis-carbene complex (Scheme 1.8).45  
 




The third method for generating NHC-metal complexes is through a 
transmetallation reaction. This typically employs silver oxide and was developed by Lin in 
1998.46  This method can work for extremely sensitive species because the silver oxide acts 
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as a base, as well as a metal center.46, 47  The new silver complex is then added to a solution 
containing the desired metal precursor, and the NHC ligand is readily transmetallated.48, 49  
For example, this method was employed by Guo et al. when the two previously mentioned 
methods failed (Scheme 1.9).50  Other metal-NHC complexes such as W, Mo, Cr, Mn, Cu, 
Au, and Ni complexes have also been used as carbene transfer reagents.51-58  





1.7 Applications in catalysis 
Over the past two decades, the application of diaminocarbenes as ligands in catalysis has 
grown exponentially.  Diaminocarbenes have found use in a myriad of catalytic cycles 
such as aryl amination,59, 60 Heck and Suzuki coupling,61 hydrosilylation, olefin metathesis, 
methathesis cross-coupling, α-arylation, just to enumerate a few.29  For example, the 
homoleptic bis(NHC) palladium complexes of type 1 can be readily generated in situ and 
used as catalyst for  Buchwald-Hartwig amination or α-arylation.59, 60 Rhodium complex 2 
was successfully used as catalyst in hydrosilylation  of acetophenone,27  while palladium 
complex 3 was used in Heck and Suzuki couplings.61 Many NHC catalysts, like the second 
generation Grubbs catalyst 4, can be commercially bought, and used for olefin metathesis.4 
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Burgess et al. has used asymmetric NHC complexes (5) in enantioselective catalysis with 





















Figure 1.4 Prominent diaminocarbene catalysts (Mes = 1,3,5-trimethylphenyl, Dipp = 
1,3-diisopropylphenyl, Py = Pyridine, Ph = Phenyl). 
 
Free carbenes participate in many interesting organocatalytic reactions even 
without the use of expensive metal precursors.63  These reactions must take place in an 
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inert atmosphere with no moisture. For example, these carbenes have been used for 
umpolung chemistry. The Stetter reaction is one of the most notable reactions employing 
NHCs as organocatalysts (Scheme 1.10).  
Scheme 1.10 Aldehyde-aldehyde cross benzoin reaction. 64, 65   
 
1.8 Goals  
The goal of my research was the synthesis and characterization of a novel benzothiadiazole 
annulated imidazole-2-ylidene, its corresponding metal complexes and their applications 
in catalysis. The specific objectives of my project are four-fold: 
Objective 1 - Synthesis and characterization of the carbene precursors. 
Objective 2 - Generation and full characterization of free NHC. 
Objective 3 - Incorporation of the new carbene into metal complexes. 
Objective 4 – Catalytic studies with the new metal complexes. 
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CHAPTER 2 – SYNTHESIS, CHARACTERIZATION, AND COORDINATION 




One of the strategies that has been used to modify the ligand properties of imidazol-2-
ylidenes is annulation with different carbo- and heterocyclic groups. It has been shown that 
annulation in the 4-5 position of the imidazole ring significantly influences the stability 
and the σ-donor/π-acceptor properties of the carbenes, and this may be used as a versatile 
tool for the fine-tuning of their electronic properties.66, 67  Typically, the donating power of 
NHCs is ranked as follows: imidazolin-2-ylidene > imidazol-2-ylidene > benzimidazol-2-
ylidene (Figure 2.1).25  NHCs become more σ-donating as their π systems become smaller, 
but other factors such as the variability of the heteroatoms and steric diversity of the R 
groups also contribute to the amount of electron donicity to the metal center.66, 68  Our 
interest in the development of other polycyclic aromatic NHCs has arisen due to their 




Figure 2.1 Trends in σ-donating properties of NHCs. 
2,1,3-Benzothiodiazole (BTD) chemistry is an area of interest for many researchers. 
There are various synthetic routes to many different compounds containing the BTD core. 
These compounds are currently used as part of fungicides,69  anti-bacterial agents,70  
OLEDs,71  and solar cells.72  The electron transport capabilities make these compounds 
ideal for molecular wires.73  BTD contains a deactivated N=S=N cumulene system due to 
the extensive conjugation with the aromatic -system of the arene ring. The S-N bond 
distances are intermediate between those of typical single and double bonds.74  The quinoid 
form I shown in Figure 2.2 has a lower energy than the aromatic form II, but the difference 
is not substantial. This provides some interesting tunable electronic properties. It is well 
known that quinone absorption and fluorescence properties are very sensitive to the 
addition of functional groups that delocalize the π electrons.73, 75   
 





Additionally, studies have shown that 2,1,3-benzothiodiazole can coordinate to 
transition metals through the heteroatoms of BTD.  Typically, BTD coordinates as a neutral 
ligand through the lone pair on its nitrogen heteroatoms. In cases with metals that bond in 
an octahedral arrangement, e.g. gallium, it can lead to metal organic polymers (Figure 
2.3).76, 77   
 
Figure 2.3 BTD metal complexation. 
BTD-fused imidazol-2-ylidene 6 (Figure 2.4) provides a promising framework in 
which the carbene center is a component of an electron-rich, extended aromatic system. 
This fusion should have an effect on the sigma donor properties of the ligand. The metal 
complexes derived from 6 may display useful photophysical properties. In addition, 
carbene 6 is likely to support multiple metal centers and lead to novel homo- or hetero-
bimetallic complexes.73, 77-80  Metal-metal communication could be achieved with this 
system.81    
 




2.2 Results and discussion 
2.2.1 Synthesis of the imidazolium salt precursor 
As outlined in section 1.3, a general method for accessing N-heterocyclic carbenes is the 
deprotonation of the appropriate imidazolium salt with a strong base. The synthesis of the 
BTD-fused imidazolim salt 13, the precursor to our target carbene 6, is outlined below. 
Using published literature, o-phenylenediamine was reacted with tosyl chloride in 
pyridine to afford 7 in 84% yield after recrystallization from ethanol.82   
Scheme 2.1 Synthesis of N,N'-(1,2-Phenylene)bis(p-toluenesulfonamide) (7). 
 
Compound 7 was then treated with molecular bromine to obtain compound 8.82  
The dibrominated product 8 was isolated by recrystallization from acetic acid as an off-
white crystalline solid in 99% yield (Scheme 2.2). 
Scheme 2.2 Synthesis of 4,5-dibromo-N,N'-(o-phenylene)bis(toluene-p-sulfonamide) (8). 
 
 
Refluxing 8 in concentrated sulfuric acid for 15 minutes removed the tosyl groups.82  






Scheme 2.3 Synthesis of 4,5-Dibromobenzene-1,2-diamine (9). 
 
To form the benzothiadiazole subunit, 9 was reacted with thionyl chloride under 
reflux for 5 hours.82  After purification by column chromatography, 10 was obtained as an 
orange solid in 85% yield (Scheme 2.4).  
Scheme 2.4 Synthesis of 5,6-Dibromo-2,1,3-benzothiadiazole (10). 
 
A Buchwald-Hartwig amination was employed to convert 10 to diamine 11. Using 
toluene as solvent, 10 was heated at 130 °C in the presence of a pregenerated bis[1,3-
bis(2,6-diisopropylphenyl)imidazole-2-ylidene] palladium (0) catalyst [(Ipr)2 Pd], NaOtBu, 
and the corresponding tert-butyl amine to yield product 11 in 98% yield (Scheme 2.5). 
Product 11 was immediately used in the following reaction with no purification. 




In order to form the imidazolium salt precursor, 11 was heated at 50 °C in 
triethylorthoformate with tetrafluoroboric acid to generate 12 overnight (Scheme 2.6). 
Tetrafluoroborate was chosen as the counterion to avoid future complications of halide 
ligand exchange during metal complexation reactions. After a hot trituration in ethanol, the 
imidazolium salt was obtained as a tan solid in 89% yield. The melting point of 12 is 234 °C. 
The 13C and 1H NMR spectra of 12 are consistent with the proposed structures. In the 1H 
NMR spectrum, the imidazolium proton appears at  9.14 ppm in d6-DMSO. 13C NMR 
shows the C2 carbon resonating at 146.64 ppm (d6-DMSO).  
Scheme 2.6 Synthesis of the carbene precursor 12. 
 
X-ray quality crystals of 12 were obtained by slow evaporation of a saturated 
acetonitrile solution of 12. The crystallographic analysis revealed the expected framework 
(Figure 2.5). Details of the crystal structure determination are presented in Appendix. 
Selected bond lengths and angles are given in Table 2.1. The X-ray structure of 
imidazolium salt 12 shows that the quinoidic structure of the BTD moiety is retained. The 
N7-C6 and N9-C10 bond lengths [1.356(3) and 1.358(3) Å, respectively] are shorter than the 
N9-S8 and N7-S8 bond lengths [1.610(2) and 1.603(2) Å, respectively]. The bond angle 




Figure 2.5 Solid state molecular structure of 12 with 50% probability ellipsoids. 
Hydrogen atoms are omitted for clarity. 
 
Table 2.1 Selected bond lengths (Å) and angles (deg) for 12. 
Property Value Property Value 
r(N9-C10) 1.358(3) r(C2-N1) 1.330(3) 
r(N7-C6) 1.356(3) r(C2-N3) 1.326(3) 
r(N9-S8) 1.610(2) θ(N1-C2-N3) 112.5(2) 
r(N7-S8) 1.603(2) θ(N7-S8-N9) 101.76(11) 
 
2.2.2 Synthesis of the free carbene 6 and its corresponding thione 
The carbene was generated by deprotonation of 12 (Scheme 2.7). At room temperature, 
one equivalent of base (KOt-Bu) in toluene was slowly added to a stirring solution of the 
imidazolium salt 12 in toluene. Carbene 6 was generated in quantitative yield and is stable 
for at least 3 days in solution at room temperature. The 1H NMR analysis of the reaction 
mixture revealed the disappearance of the acidic proton of the starting material. The 13C 
NMR spectrum of 6 revealed a signal at δ 243.44 ppm (d6-benzene) for the carbenic carbon. 
Surprisingly, this chemical shift is much higher than that of non-annulated imidazol-2-
ylidene (δ 13C2 = 212.58 ppm, d6-benzene), benzoannulated imidazol-2-ylidene (δ 13C2 = 
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224.7, d6-benzene) and even naphtha-annulated imidazol-2-ylidenes (δ 13C2 = 231.8 and 
239.9 ppm).  This chemical shift is within the characteristic range observed for saturated 
imidazolin-2-ylidenes and acyclic diaminocarbenes (δ 13C2 between 236 and 244 ppm).83  
The saturated 1,3-bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene and 1,3-bis[2,6-bis(1-
methylethyl)phenyl]imidazolidin-2-ylidene,  display similar chemical shifts for the 
carbenic carbon at δ 243.8 (d8-THF) and 244.0 (d6-benzene), respectively.66  
To our knowledge, this chemical shift is the highest chemical shift reported to date 
for an annulated imidazol-2-ylidene. This value suggests a decreased π-charge density at 
C2 of 6 in comparison to the non-annulated and benzo- and naphtha-annulated imidazol-
2-ylidenes analogues and it is consistent with a higher anisotropy at the carbene center due 
to a lower population of the carbene pπ - orbital.17, 84, 85  It is expected that the carbene 6 
will display a lower singlet-triplet gap in comparison to its non-annulated imidazol-2-
ylidene and benzoannulated imidazol-2-ylidene analogues.  
















tBu 6  
The corresponding thione adduct 13 was formed by adding excess sulfur to the free 
carbene in solution (Scheme 2.8).  After column chromatography, the thione was obtained 
in 70% yield.  The thione is a bright yellow, air stable solid that melts at 149 °C. The 13C 




Scheme 2.8 Generation of the thione 13. 
 
X-ray quality crystals were grown by slow evaporation of a saturated toluene 
solution of 13. The crystallographic analysis revealed the expected planar framework 
(Figure 2.6). Details of the crystal structure determination are presented in Appendix. 
Selected bond lengths and angles are given in Table 2.2. The X-ray structure shows that 
the quinoidic structure of the BTD core is retained.  The C=S bond of 1.6554(19) Å is 
within the expected range for a C=S double bond.  
 
Figure 2.6 Solid state molecular structure of 13 with 50% probability ellipsoids. 
Hydrogen atoms are omitted for clarity. The ellipsoids are much smaller since that data 




Table 2.2 Selected bond lengths (Å) and angles (deg.) for 13. 
Property Value Property Value 
r(S1-C2) 1.6554(19) r(N7-S8) 1.6554(19) 
r(C2-N3) 1.3910(15) θ(N1-C2-N1) 107.21(15) 
r(N7-C6) 1.3506(17) θ(N7-S8-N7) 101.56(9) 
 
2.2.3 Synthesis of metal complexes  
In order to obtain the targeted metal-carbene complexes, the in situ generated carbene was 
treated with different metal precursors. Rhodium and iridium complexes 14 and 15 were 
obtained when two equivalents of carbene 6 reacted with one equivalent of di-μ-
chlorobis[(1,2,5,6-η)-1,5-cyclooctadiene]dimetal(I) (M = Rh, Ir) in toluene at room 
temperature (Scheme 2.9). 
 After column chromatography, the rhodium complex 14 was obtained in 50% yield 
as an air stable orange powder that decomposes at 177 °C. The iridium complex 15 was 
also purified by column chromatography (50% yield). It is an air stable red powder that 
decomposes at 212 °C. The identity of the compounds was confirmed by 1H and 13C-NMR 
spectroscopy as well as elemental analysis. The 13C NMR spectra of 14 and 15 show the 
expected signals for the carbene carbon shifted upfield at  211.25 and 206.51 ppm in d2-
CH2Cl2, respectively. The rhodium complex displays a characteristic coupling constant of 
JRh-C = 48.3 Hz for the carbene carbon. The carbons in the two COD double bonds are 
coupled with the rhodium atom differently (1JRh-C  = 7.64 and  15.27 Hz) which is consistent 





Scheme 2.9 Formation of iridium and rhodium complexes 14 and 15. 
 
A single crystal of 14 suitable for X-ray crystallographic measurements was grown 
by slow diffusion of hexane into a saturated chloroform solution of 14. Crystal data and 
details of the crystal structure determination are presented in Appendix.   
Rhodium complex 14 crystallizes in the monoclinic space group P2(1)/n. Rhodium 
is coordinated in a square planar fashion by the carbene, the centers of the two C=C bonds 
of COD ligand, and the chloride (Figure 2.7).  Selected bond lengths and angles are shown 
in Table 2.3. The carbene-rhodium distance r(Rh-C2) = 2.049(5) Å is within the expected 
range. The distance between Rh and the olefinic cyclooctadiene ligand is slightly longer 
for the double bond trans rav(Rh-C(25-26)) = 2.195(6) Å  than the bond cis rav(Rh-C(21-22)) = 
2.113(6) Å to the carbene complex. This data shows that the carbene is a stronger σ-donor 
than chloride ligand. The N9-C10 and N7-C6 bond lengths are shorter than N9-S8 and N7-S8 




Figure 2.7 Solid state molecular structure of 14 with 50% probability ellipsoids. 
Hydrogen atoms are omitted for clarity. 
 
 
Table 2.3 Selected bond lengths (Å) and angles (deg) for 14. 
Property Value Property Value 
r(Rh-C2) 
 
2.049(5)  rav(C2-N(1,3)) 1.373(6) 
r(Rh -Cl1) 2.4391(15)  θ(N1-C2-N3) 106.3(4) 
rav(Rh-C(25-26)) 2.195(6) θ(N7-S8-N9) 100.8(3) 
rav(Rh-C(21-22)) 2.113(6) θ(C2-M-Cl1) 92.25(14) 
 
X-ray quality crystals for iridium complex 15 were grown by slow evaporation of 
a saturated solution of dichloromethane of 15. The solid-state structure shows that 15 
crystallizes in the monoclinic space group P1 21/m1. The asymmetric unit contains four 
unique molecules (actually, four unique half-molecules, the other half of each molecule is 
generated by mirror symmetry). As shown in the ORTEP plot (Figure 2.8), complex 15 
adopts as expected a square planar coordination geometry around the iridium center.  
Selected bond lengths and angles are shown in Table 2.4. The distance between iridium 
and the olefinic cyclooctadiene ligand is rav(Ir-C25) = 2.118(10) Å trans to the carbene and 
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rav(Ir-C22) = 2.098(11) Å cis to the carbene.  This indicates a stronger trans-influence 
(effect) of the carbene moiety and a weaker iridium-(C=C) bond for the carbons trans to 
C2 than trans to chloride. 
 
Figure 2.8 Solid state molecular structure of 15 with 50% probability ellipsoids. 
Hydrogen atoms are omitted for clarity. 
 
Table 2.4 Selected bond lengths (Å) and angles (deg) for 15. 
Property Value Property Value 
r(Ir-C2) 
 
2.035(11) rav(C2-N3) 1.396(10) 
r(Ir-Cl1) 2.392(4) θ(N3-C2-N3) 103.9(9) 
rav(Ir-C25) 2.118(10) θ(N7-S8-N7) 104.0(7) 
rav(Ir-C22) 2.098(11) θ(C2-Ir-Cl1) 96.7(4) 
 
Metal-bound carbonyls of type [M(NHC)(CO)2Cl]  where M = Rh, Ir, or Ni are 
useful spectroscopic handles for measuring the electron density at the coordinated metal 
centers. Many such complexes have been prepared and used to determine and compare the 
sigma-donating abilities of new NHCs to those of known ligands.86  A typical way to 
generate these dicarbonyl complexes is to bubble CO gas into a saturated solution of the 
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[M(NHC)(COD)Cl] complex at room temperature.87  However, even with heating, this 
method failed to produce the necessary dicarbonyl complexes 16 and 17 (Scheme 2.10), so 
an alternative route was taken. Di-μ-chloro-tetracarbonyldirhodium(I) was obtained 
commercially and was reacted directly with 6 to obtain 16 in 63% yield (Scheme 2.11). 
Scheme 2.10 Proposed synthesis of complexes 16 and 17. 
 
Scheme 2.11 Alternate route to complex 16. 
 
To further expand the versatility of the imidazole-2-ylidene ligand 6, we 
synthesized a gold metal complex. Using Au(SMe2)Cl as a metal precursor, complex 18 
was obtained in 93% yield as an air stable yellow solid that decomposes at 213 °C (Scheme 
2.12). Attempts to purify complex 18 were unsuccessful: the compound was unstable in 
many solvents (e.g. chloroform, dichloromethane, methanol) and had poor solubility in 

























However, crystals of this complex were grown via slow evaporation of a saturated 
solution of 18 in dichloromethane (Figure 2.9). Crystal data and details of the crystal 
structure determination are presented in Appendix. The solid-state structure shows that 18 
crystallizes in the monoclinic space group C1 2/m 1.  Selected bond lengths and angles are 
given in Table 2.5. The coordination geometry of the metal center is quasi-linear with a 
C2-M- Cl1 bond angle of 175.44(8) degrees.  The crystal structure shows the bond length 
between the carbene carbon and gold is within the expected range at r(Au-C2) = 2.010 Å.  
 
Figure 2.9 Solid state molecular structure of 18 with 50% probability ellipsoids. 
Hydrogen atoms are omitted for clarity. The ellipsoids are much smaller since that data 





Table 2.5 Selected bond lengths (Å) and angles (deg) for 18. 
Property Value Property Value 
r(M-C2) 2.010(3) θ(N3-C2-N3) 108.0(2) 
r(M-Cl1) 2.3011(8) θ(N7-S8-N7) 101.85(14) 
rav(C2-N3) 1.367(2) θ(C2-M-Cl1) 175.44(8) 
 
 
2.2.4 Attempted synthesis of bi- and trimetallic complexes 
The next step was to take the new metal complexes and coordinate additional metals to the 
heteroatoms in the backbone of the ligand. Multi-metallic complexes are an important 
feature of novel catalysts and would expand their utility greatly. One can envision the 
benefits of having two distinct types of metals coordinated on the same complex such as 
one pot synthesis, tandem catalysis, or metal-metal communication. Several types of metals 
have been successfully coordinated to 2,1,3-benzothiadiazole as shown in Figure 2.3. 
Using these procedures as a guide, reactions were carried out using the isolated metal 
complexes 14 and 15.77-80  The general procedure involved dissolving the imidazolium salt, 
or the carbene metal complex in a suitable solvent and adding that to a solution of the 
desired metal precursor. Some of these attempts are summarized in Scheme 2.13. The 
reactions were difficult to analyze since most possible coordination was too far from any 
protons to monitor by NMR. No changes in the chemical shifts for the starting materials 













































19 (MLX = CoCl2)
20 (MLX = BiCl3)
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 Unfortunately, none of the reactions gave conclusive data. However, experiments 
involving different metals are currently underway. 
 
2.2.5. Assessment of the ligand donating properties of carbene 6 
Several different methods have been developed to quantify the electronic properties of 
NHCs.25  One common method for analyzing the electronic properties of a novel NHC-
metal complex is using the Tolman electronic parameter (TEP) developed in 1977.88 The 
electronic properties of a ligand can be inferred from the IR spectrum of the metal complex 
of type [(NHC)M(CO)2Cl], where M = Rh, Ir,  by inspecting their carbonyl stretching 
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frequencies. The more electron-donating the ligand, the lower the stretching frequency of 
the carbonyl ligands, which translates into a lower TEP value.  The increased electron 
density at the metal center results in more -backbonding into the *CO antibonding 
orbital, strengthening the M-CO bond and weakening the C-O triple bond. 66  
The FT-IR spectra of 16 in dichloromethane is shown in Figure 2.10. Complex 16 
exhibited symmetric (2080.46 cm-1) and asymmetric (2002.12 cm-1) carbonyl stretching 
frequencies consistent with those observed in other metal bound carbonyls of type 
[Rh(NHC)(CO)2Cl] complexes.25, 40, 66, 86  The average value av = 2041 cm-1 was used to 
calculate the Tolman electronic parameter (TEP = 2052 cm-1) of 6.   
 
Figure 2.10 FT-IR spectrum of 16 in dichloromethane. 
Although the TEP values of the 1,3-di(tert-butyl)imidazole-2-ylidene (TEP = 2048 
cm-1)69 and of the 1,3-di(tert-buty)benzimidazole-2-ylidene (TEP = 2052 cm-1)87 were 
reported previously in literature, we considered that the comparison of TEP value of 6 to 
these reported values may not be valid because they were determined in different ways: the 
value for 1,3-di(tert-butyl)imidazole-2-ylidene was determined experimentally from the 
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corresponding iridium carbonyl complex and that of 1,3-di(tert-butyl)benzimidazole-2-
ylidene was a theoretical value from a DFT calculation. For this reason, the dicarbonyl 
rhodium complexes of 1,3-di(tert-butyl)imidazole-2-ylidene (24) and 1,3-di(tert-
butyl)benzimidazole-2-ylidene (27) were synthesized in our laboratory  as shown in 
Schemes 2.14 and 2.15, respectively. Commercially available 1,3-di(tert-butyl)imidazole-
2-ylidene (23) was reacted directly with di-μ-chloro-tetracarbonyldirhodium(I) producing 
rhodium complex 24 as a red solid (Scheme 2.14). Commercially available 1,3-di(tert-
butyl)benzimidazolium chloride (25) was reacted with KOt-Bu and di-μ-chloro-
tetracarbonyldirhodium(I) producing 27 as a yellow solid (Scheme 2.15). 
Scheme 2.14 Synthesis of dicarbonyl complex 24. 
 
Scheme 2.15 Synthesis of dicarbonyl complex 26. 
	 The FT-IR spectra of 24 and 27 in dichloromethane are shown in Figure 2.11 and 
2.12, respectively. Complex 24 exhibits symmetric (2076.66 cm-1) and asymmetric 
(1996.38 cm1) carbonyl stretching frequencies.  The average value av = 2036.5 cm-1 was 
used to calculate the Tolman Electronic Parameter (TEP = 2048 cm-1) for 1,3-di(tert-
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butyl)imidazole-2-ylidene. This value is consistent with the previously reported TEP 
value.69 Complex 27 exhibits similar symmetric (2076.25 cm-1) and asymmetric (1997.07 
cm1) carbonyl stretching frequencies.  The average value av = 2036.6 cm-1 was used to 
calculate the Tolman electronic parameter TEP = 2048 cm-1 for 1,3-di(tert-
butyl)benzimidazole-2-ylidene. 
 
Figure 2.11 FT-IR spectrum of 24 in dichloromethane. 
 
Figure 2.12 FT-IR spectrum of 27 in dichloromethane. 
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A TEP value of 2052 cm-1 for 6 isuggest that this carbene is a slightly weaker σ-
donor than 1,3-di(tert-butyl)imidazole-2-ylidene (23) and 1,3-di(tert-butyl)benzimidazole-
2-ylidene (26). Carbene 6 has the same sigma-donating power as 1,3-bis(2,4,6-
trimethylphenyl)imidazolidin-2-ylidene (TEP = 2052.0 cm-1), which is a saturated 
imidazolidin-2-ylidene.66  
Another method used to quantify new electronic properties of the metal complex is 
cyclic voltammetry. Since cyclic voltammetry measures the metal center directly, it has 
been shown to be a more accurate assessment of ligand donor strength.89  The results of 
the cyclic and differential pulse voltammetry measurements are summarized in Table 6. 
Complexes 14 and 15 exhibit quasi-reversible redox processes at +0.686 V (ΔE = 84 mV) 
and +0.675 V (ΔE = 84 mV), respectively, that are attributed to MI/II couples. These values 
are within the range of values reported for non-annulated NHC supported [MCl(COD)] 
complexes (E1/2 = 0.648 – 0.920 V).89  The value obtained for 14 is slightly higher than the 
redox potential of the related [RhCl(26)(COD)] (0.56 V).90  This result is in agreement with 
our previous observation of the TEP value and it indicates that the annulation with 
thiadiazole moiety slightly reduces the overall sigma-donating power of the ligand relative 
to that of benzimidazol-2-ylidene 26. For comparison purposes the rhodium cyclooctadiene 
complex of 1,3-di(tert-butyl)imidazole-2-ylidene (28) was synthesized. Two equivalents 
of 1,3-di(tert-butyl)imidazole-2-ylidene (23) were reacted directly with one equivalent of 
di-μ-chlorobis[(1,2,5,6-η)-1,5-cyclooctadiene]dirhodium(I) affording  complex 28 as a 








Figure 2.13 Cyclic voltammograms of 14, 15, and 28. 
 
Table 2.6 Summary of electrochemical dataa 
Compound E1/2(V) ΔE (mV) Epa (V) Epc (V) 
14 0.686 84 0.728 0.644 
15 0.675 84 0.717 0.633 
[RhCl(26)(COD)]90  0.560 NA NA NA 
28 0.583 168 0.667 0.499 
a The electrochemical data were obtained in CH2Cl2 in the presence of 0.1 M [Bu4N][PF6] 
electrolyte with decamethylferrocene (Fc*) as an internal standard (100 mV s-1 scan rate), 




























2.2.6 Hydrosilylation of acetophenone and acetophenone derivatives catalyzed by 14 
and 15 
In an earlier study, Tapu, et al. found that their iridium and rhodium cyclooctadiene 
complexes of an imidazole-2-ylidene catalyzed the hydrosilylation of acetophenone to the 
silyl ether.27, 92, 93  To test the catalytic properties of the new complexes in the same reaction, 
a mixture of acetophenone, diphenylsilane, catalyst 14 or 15, and 1,3,5-trimethoxybenzene 
(internal standard) in deuterated benzene was heated in an external oil bath at 65 °C 
(Scheme 2.16). The reaction was followed by 1H NMR spectroscopy and the results are 
shown in Table 2.7 and 2.8. All reactions were conducted with a 0.25 mol% catalyst 
loading. 
Scheme 2.17 Hydrosilylation of acetophenone and derivatives catalyzed by 14. 
 
Table 2.7 Hydrosilylation of acetophenone and derivatives catalyzed by 14.a 
Entry R Time (h) NMR yield 29 NMR yield 30 
1 2-OMe 0.5 51% 37% 
2 4-Me 0.6 62% 27% 
3 4-Fl 1.0 71% 25% 
4 4-OMe 1.3 75% 18% 
5 H 1.3 65% 31% 
6 4-Cl 1.4 60% 34% 
7 2-NH2 1.4 79% 9% 
8 4-Br 1.9 56% 31% 
9 2-Cl 2.2 30% 52% 




Table 2.8 Hydrosilylation of acetophenone and derivatives catalyzed by 15.a 
Entry R Time (h) NMR yield 29 NMR yield 30 
1 4-OMe 6.3 98% 2% 
2 4-Br 8.3 87% 7% 
3 4-Fl 9.0 90% 5% 
4 4-Me 9.7 94% 3% 
5 4-Cl 9.8 92% 7% 
6 H 12.3 89% 5% 
7 2-OMe 16.0 93% 2% 
8 2-NH2 22.0 92% 0% 
9 2-Cl 22.5 74% 20% 
a Results are average of at least two replicate trials. Heated in an oil bath. 
The data shows that both complexes are active catalysts in this reaction.  The 
reaction works with both electron rich and electron poor substrates. However, it seems that 
the more sterically hindered groups react slower. In addition, it was observed that the 
rhodium complex 14 catalyzed the reaction much faster than its iridium counterpart 15; 
however, the rhodium is less selective than iridium and forms more of the byproduct 30.  
Initially, it was believed that the lower yields using the rhodium complex were 
attributed to a decarbonylation side reaction because of obvious gas formation in the NMR 
samples. The gas formed was tested using MIMS and GC-MS, but the results were 
inconclusive. It has since been realized that the gas evolved was hydrogen formed from the 
additional formation of the side-product, 30, and can be explained through research into 
the proposed mechanism of hydrosilylation reactions.93  Since rhodium is more 
electronegative than iridium, it favors a reductive elimination of hydrogen rather than the 
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rate limiting hydride transfer step required to make the desired silyl ether. This side reaction 
is further promoted by Le Châtelier's principle.  
These catalysts were also found to be active on a number of other substrates, 
expanding the scope of the reaction. Using the rhodium catalyst 14, benzaldehyde and 
acetone were catalyzed to their respective silyl ethers. Research into the scope of these 
catalysts is ongoing in our laboratories.  
 
2.2.7 Meyer-Schuster rearrangement of propargyl alcohols catalyzed by 18 
Recently, gold has been featured as the catalyst for many reactions including the Meyer-
Schuster rearrangement.94-96  The Meyer-Schuster rearrangement was first reported in 1922, 
however, it was only since 2007 when researchers developed a procedure using a gold(I) 
catalyst.97, 98 To test the utility of the gold complex, a rearrangement of a propargyl alcohol 
was carried out. 
Scheme 2.18 Meyer-Schuster rearrangement catalyzed by 18. 
 
 The reaction was carried out in the absence of light using methanol and a catalytic 
amount of water. Silver tetrafluoroborate was chosen as the chloride acceptor as this was 
cited to be equally effective compared to other chloride acceptors (e.g. AgSbF6).99  
Preliminary reactions at 2 mol% catalyst loading have shown the formation of the 





A new N-heterocyclic carbene featuring a fused benzothiadiazole moiety was generated by 
deprotonation from the corresponding tetrafluoroborate salt. The salt precursor was 
obtained by a six-step synthesis from commercial starting materials. The carbene was 
found to be stable in solution under inert conditions at room temperature for days. The new 
carbene was fully characterized by 1H and 13C NMR. The 13C NMR spectrum of 6 revealed 
a signal at δ 243.44 ppm (d6-benzene) for the carbenic carbon.  To our knowledge, this 
chemical shift is the highest chemical shift reported to date for an annulated imidazol-2-
ylidene and it is within the characteristic range for saturated imidazolidin-2-ylidenes. The 
synthesis and NMR data of the corresponding sulfur adduct are reported. Details on the 
chemistry of this ligand with respect to its ability to support catalytically relevant metal 
complexes were provided. Complexes of type [MCl(COD)(6)]  where M = Rh and Ir and 
[MCl(6)] were M = Au were prepared  and characterized using spectroscopic and 
crystallographic methods. The electron-releasing capacity of this new carbene was 
investigated by evaluation of its corresponding MCl(COD) and RhCl(CO)2 complexes by 
IR spectroscopy (av) and cyclic voltammetry (E1/2).   
A TEP value of 2052 cm-1 for 6 suggests that this carbene is a slightly weaker σ-donor 
than 1,3-di(tert-butyl)imidazole-2-ylidene (23)  and 1,3-di(tert-butyl)benzimidazole-2-
ylidene (26). Carbene 6 has the same sigma-donating power as 1,3-bis(2,4,6-
trimethylphenyl)imidazolidin-2-ylidene (TEP = 2052.0 cm-1), which is a saturated 
imidazolidin-2-ylidene. Annulation with a thiadiazole moiety slightly reduces the overall 
sigma-donating power of the ligand. The results show that the BTD fused NHCs are 
suitable ligands for rhodium and iridium catalysts in the hydrosilylation of acetophenones. 
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Further studies of these new compounds and their analogs with respect to their possible use 






Reagents were purchased from commercial sources and used as supplied. Dry toluene was 
purchased from Alfa Aesar and used as received.  Deuterated solvents purchased from 
Cambridge Isotope Laboratories Inc. and were used as received. Reactions with air- or 
moisture-sensitive compounds were conducted under a nitrogen atmosphere using a glove 
box or Schlenk techniques. Glassware was dried at 100 °C in an oven for at least 12 hours. 
Column chromatography was performed using the solvent systems indicated on silica gel 
(63-200 µm). Elemental analysis completed by Atlantic Microlab, Inc. NMR spectra were 
recorded on a Bruker DPX 300 (1H, 300 MHz; 13C, 75.5 MHz). Chemical shifts are 
described in parts per million downfield shifted from SiMe4. Infrared spectra of were 
recorded on a Perkin Elmer Frontier 100 spectrometer. Electrochemical experiments were 
conducted on an Epsilon Electrochemical Workstation from BAsi using a three electrode 
cell at room temperature. The cell was equipped with platinum working and counter-
electrodes, as well as a Ag/AgCl reference electrode containing aqueous 3 M KCl. 
Measurements were performed in dry CH2Cl2 with 0.1 M [tetra-n-butylammonium][PF6] 
as the electrolyte and decamethylferrocene [Fc*] as the internal standard.91  All potentials 
were determined at a 100 mV s-1 scan-rate. All X-ray crystallographic data was collected 
by Dr. McMillen at Clemson University. X-ray structures solved using the Bruker 
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SHELXTL Software Package. Melting point analysis done using Mel-Temp instrument by 
Laboratory Devices Inc., USA. 
 
Synthesis of N,N′-(1,2-Phenylene)bis(4-methylbenzenesulfonamide) (7)  
p-toluenesulfonyl chloride (2 eq., 0.278 mol, 53.0 g) was added slowly to a solution of o-
phenylenediamine (1 eq., 0.139 mol, 15.0 g) in dry pyridine (150 mL) which was cooled 
to 0 °C in a NaCl–ice bath. The resulting mixture was stirred at room temperature for 12 
h. Product was precipitated out of solution by pouring the reaction mixture into 1 L DI 
H2O. The solids were recrystallized from EtOH. After filtration, compound 7 was obtained 
as a pale solid (43.96 g, 84%).  1H NMR (300 MHz, CDCl3): δ ppm = 7.57 (d, 4H, J = 8.2 
Hz, ArH), 7.22 (d, 4H, J = 8.4 Hz, ArH), 7.06–7.02 (m, 2H, ArH), 7.00–6.94 (m, 2H, ArH), 
6.76 (br, 2H, NH), 2.40 (s, 6H, CH3). These spectroscopic data correspond to previously 
reported data.82  
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Figure 1H NMR spectra of 7. 
 
Synthesis of  N,N′-(4,5-Dibromo-1,2-phenylene)bis(4-methylbenzenesulfonamide) (8) 
 
Bromine (15.5 g, 96.9 mmol) was added drop-wise to an ice-cooled and stirred suspension 
of 7 (21.5 g, 51.6 mmol) and anhydrous NaOAc (8.6 g, 104.8 mmol) in glacial acetic acid 
(150 mL). The mixture was stirred and heated at 110 °C for 3 h, then cooled and poured 
into water (2150 mL). The precipitate was collected and recrystallized from acetic acid to 
give off-white crystals, 8 (26.7 g, 93%). 1H NMR (300 MHz, CDCl3): δ ppm = 7.59 (d, 4H, 
J = 8.3 Hz, ArH), 7.28 (d, 4H, J = 10.2 Hz, ArH), 7.20 (s, 2H, ArH), 6.74 (br, 2H, NH), 
2.43 (s, 6H, CH3). These spectroscopic data correspond to previously reported data.82  
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Figure 1H NMR spectra of 8. 
 
Synthesis of 4,5-Dibromobenzene-1,2-diamine (9) 
 
The preceding 8 (51.16 g, 188.6 mmol) was heated in concentrated sulfuric acid (100 mL) 
at 110 °C for about 15 min. After cooling to room temperature, the reaction mixture was 
poured into ice–water and neutralized with 50% NaOH. The precipitate was filtered and 
washed with DI H2O (4 x 250 mL) to give an off-white powder of 9 (22.5 g, 96%). 1H 
NMR (300 MHz, CDCl3): δ ppm = 6.93 (s, 2H, ArH), 3.41 (br, 4H, NH2). These 




1H NMR spectra of 9. 
 
Synthesis of  5,6-Dibromobenzo[c][1,2,5]thiadiazole (10) 
 
To a solution of 9 (10.64 g, 36.2 mmol) in dry DCM (140 mL) was added, in an ice-cooled 
condition, a solution of thionyl chloride (2.9 eq., 7.6 mL, 104.6 mmol) and Et3N (4.75 eq., 
24 mL, 172.1 mmol). After addition was complete, the reaction mixture was stirred for 5 h 
under reflux. After cooling to room temperature, the reaction mixture was filtered, the 
filtrate was collected while discarding the solid residue, and the solvent was removed in 
vacuo. The residue was purified with column chromatography using DCM as the eluent to 
give product 10 as a pink–white solid (11.76 g, 81%). 1H NMR (300 MHz, CDCl3): δ ppm 




1H NMR spectra of 10. 
 
Synthesis of  N,N'-1,4-Bis(2,6-diisopropylphenyl)-1,4-diaza-butadiene (C1) 
 
In air, to a solution of 2,6-diisopropylaniline (19.7 g, 111.1 mmol, 2.21 eq.) and HOAc (0.1 
mL, 1.7 mmol, 0.035 eq.) in MeOH (250 mL) at 50 °C in a flask was added a solution of 
glyoxal (7.3 g, 40% in water, 50.32 mmol, 1.0 eq.) in MeOH (25 mL). The reaction mixture 
was stirred at 50 °C for 15 min and then stirred at 23 °C for 10 h. The reaction mixture was 
filtered. The filter cake was washed with MeOH (3 x 100 mL) and dried to afford 20.4 g 
of compound C1 as a yellow solid (98% yield). NMR Spectroscopy: 1H NMR (300 MHz, 
CDCl3):  = 8.10 (s, 2H, CH), 7.20–7.16 (m, 6H, ArH), 2.99–2.90 (m, 4H, CH(CH3)2), 
1.21 (d, J = 6.9 Hz, 24H, (CH3)2). These spectroscopic data correspond to previously 




1H NMR spectra of C1. 
 
Synthesis of  N,N'-1,3-Bis(2,6-diisopropylphenyl)imidazolium chloride (C2)  
 
In air, to C1 (20.4 g, 54.2 mmol, 1.00 eq.) and paraformaldehyde (1.63 g, 54.3 mmol, 1.00 
eq.) in EtOAc (475 mL) in a flask at 70 °C was added a solution of TMSCl (6.9 mL, 54.4 
mmol, 1.00 eq.) in EtOAc (7.5 mL) dropwise over 45 min with vigorous stirring. The 
reaction mixture was stirred at 70 °C for 2 h. After cooling to 10 °C with stirring, the 
reaction mixture was filtered. The filter cake was washed with EtOAc (3 x 500 mL) to 
afford 16.0 g of compound C2 as a colorless solid (69% yield). NMR Spectroscopy: 1H 
NMR (300 MHz, CDCl3):  = 10.04 (s, 1H, C2H), 8.17 (s, 2H, CH), 7.58 (t, J = 7.8 Hz, 
2H, ArH), 7.35 (d, J = 7.8 Hz, 4H, ArH), 2.49–2.40 (m, 4H, CH(CH3)2), 1.29 (d, J = 6.7 
Hz, 12H, (CH3)2)), 1.24 (d, J = 7.0 Hz, 12H, (CH3)2)). These spectroscopic data correspond 





1H NMR spectra of C2. 
 
Synthesis of 5,6-bis[(1,1-dimethylethyl)amino]- 2,1,3- benzothiadiazole (11) 
 
To a mixture of N,N'-1,3-bis(2,6-diisopropylphenyl)imidazolium chloride C2 (0.45 g, 1.06 
mmol, 2.00 eq.) and Pd(OAc)₂ (0.13 g, 0.59 mmol, 0.56 eq.) in toluene (4 mL), a 
suspension of NaOt-Bu (0.16 g, 1.66 mmol, 3.13 eq.) in dry toluene (3 mL) was added in 
a N2 atmosphere glove box. The solution was heated at 88 °C for 30 minutes. This mixture 
was cooled to room temperature and added to a pressure tube containing 10 (2.0 g, 6.8 
mmol) in toluene (70 mL). To this mixture, tert-butylamine (1.5 mL, 14.27 mmol, 2.10 
eq.) was added followed by NaO-tBu (1.60 g, 16.65 mmol). The pressure tube was sealed 
and heated for 16 h at 130 °C.  After cooling, the reaction mixture was filtered through 
celite. The filtrate was collected and evaporated to yield 11 as a light brown solid (1.941 





purification. 1H NMR (CDCl3, 300 MHz): δ 7.14 (s, 2H, ArH), 3.40 (br, 2H, NH), 1.41 (s, 
18H, CH3). 
 
1H NMR spectra of 11. 
 
Synthesis of 5,7-bis(1,1-dimethylethyl)-5H-imidazo[4,5-f]-2,1,3- benzothiadiazolium 
tetrafluoroborate (12) 
 
A flask was charged under inert conditions with 11 (5.68 g, 15.09 mmol), triethyl 
orthoformate (180 mL, 1.08 mol, 71.6 eq.), and aqueous HBF4 (2.7 mL, 48 wt. %, 20.66 
mmol, 1.4 eq.). The reaction mixture was heated at 50 °C for 24 h. The reaction was cooled 
to room temperature and poured into 150 mL of diethyl ether affording the product as a tan 
precipitate. The solid was collected and washed with diethyl ether (3 x 40 mL). The solid 
was purified by trituration in hot ethanol to give, after filtration, a tan solid (6.83 g, 89% 
yield). Mp: 229-230 °C. 1H NMR (d6-DMSO, 300 MHz) δ 9.14 (s, 2H, ArH), 9.02 (s, 1H, 
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N2CH), 1.90 (s, 18H, CH3). 13C NMR (d6-DMSO, 75.5 MHz): δ 151.40 (ArC), 146.64 
(NCN), 134.17 (ArC), 107.19 (ArC), 62.13 [C(CH3)3], 28.11 (CH3). Anal. Calcd. for 
C15H21BF4N4S (376.22): C, 47.89; H, 5.63; N, 14.89. Found: C, 47.98; H, 5.76; N, 14.66. 
Crystals suitable for X-ray diffraction analysis were grown by slow evaporation a saturated 
solution of 12 in acetonitrile. 
 









To imidazolium salt 12 (30 mg, 0.08 mmol) in anhydrous toluene (2 mL), a suspension of 
KOt-Bu (8 mg, 0.071 mmol, 0.9 eq.) in toluene (2 mL) was added dropwise in a N2 
atmosphere glove box. The reaction mixture was stirred at room temperature for 2 h. The 
mixture was filtered through celite and the solvent was removed in vacuo to yield 6 as a 
yellow solid (23 mg, 100% yield). 1H NMR (C6D6, 300 MHz): δ 7.86 (s, 2H, ArH), 1.58 
(s, 18H, CH3). 13C NMR (C6D6, 75.5 MHz): δ 243.44 (NCN), 151.79 (ArC), 139.53 (ArC), 














To a mixture of 12 (100 mg, 0.27 mmol) and excess sulfur in anhydrous toluene (4 mL), a 
suspension of potassium tert-butoxide (30 mg, 0.27 mmol, 1 eq.) in toluene (4 mL) was 
added slowly in a N2 atmosphere glove box. The reaction mixture was stirred at room 
temperature overnight. The reaction mixture was filtered through celite and the solvent was 
evaporated. The residue was purified by flash chromatography (silica, 1:1.5:12.5 diethyl 
ether:hexanes:petroleum ether mixture) to give 13 as a yellow solid (60 mg, 70%). Mp: 
149-150 °C. 1H NMR (CDCl3, 300 MHz): δ 8.05 (s, 2H, ArH), 2.11 (s, 18H, CH3). 13C 
NMR (CDCl3, 75.5 MHz): δ 177.35 (NCN), 150.56 (ArC), 138.13 (ArC), 99.55 (ArC), 
63.25 [C(CH3)3], 30.44 (CH3). Anal. Calcd. For C15H20N4S2 (320.48): C, 56.22; H, 6.29; 
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N, 17.48. Found: C, 56.24; H, 6.20; N, 17.59. Crystals suitable for X-ray diffraction 
analysis were grown by slow evaporation a saturated solution of 13 in toluene. 
 





13C NMR spectra of 13. 
 
Synthesis of 5,7-bis(1,1-dimethylethyl)-5H-imidazo[4,5-f]-2,1,3-benzothiadiazol-6-
ylidene) rhodium(1,5-cyclooctadiene) chloride (14) 
 
To imidazolium salt 12 (500 mg, 1.33 mmol) in anhydrous toluene (15 mL), a solution of 
KHMDS (263 mg, 1.32 mmol, 1 eq.) in toluene (8 mL) was added slowly in a N2 
atmosphere glove box. The reaction mixture was stirred at room temperature for 25 minutes. 
Chloro(1,5-cyclooctadiene)rhodium(I) dimer (325 mg, 0.65 mmol, 0.5 eq.) in toluene (5 
mL) was added to the reaction dropwise. After 12 h, the reaction mixture was filtered 
through celite. The mixture was evaporated and the residue was purified by flash 
chromatography (silica, 3:1:4 methylene chloride:ethyl ether:hexanes as eluent) to give 14 
as an orange solid (400 mg, 50% yield). Mp: decomposes at 177 °C. 1H NMR (C6D6, 300 
MHz): δ 7.82 (s, 2H, ArH), 5.48 (br, 2H, CHCOD), 2.82 (br, 2H, CHCOD), 2.31-2.21 [m, 4H, 
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(CH2)COD], 2.11 (s, 18H, CH3), 1.67-1.46 [m, 4H, (CH2)COD]. 13C NMR (C6D6, 75.5 MHz): 
δ 212.3 (d, JRh-C = 45 Hz, NCN), 150.42 (ArC), 138.10 (ArC), 102.21 (ArC), 94.49 (d, JRh-
C = 7.6 Hz, CHCOD), 67.54 (d, JRh-C = 14.4 Hz, CHCOD), 60.95 [C(CH3)3], 32.19 [(CH2)COD], 
31.56 (CH3), 28.63 [(CH2)COD]. 13C NMR (d2-CH2Cl2, 75.5 MHz): δ 211.25 (d, JRh-C = 48.3 
Hz, NCN), 150.15 (ArC), 138.38 (ArC), 102.12 (ArC), 94.72 (d, JRh-C = 7.64 Hz, CHCOD), 
68.30 (d, JRh-C = 15.27 Hz, CHCOD), 61.17 [C(CH3)3], 32.12 [(CH2)COD], 31.75 (CH3), 28.47 
[(CH2)COD]. Anal. Calcd. for C25H39ClN4RhS · 0.5 CHCl3  (625.72): C, 47.46; H, 5.50; N, 
9.42. Found: C, 47.69; H, 5.68; N, 9.43. Crystals suitable for X-ray diffraction analysis 
were grown by slow evaporation a saturated solution of 14 in dichloromethane. 
  






13C NMR spectra of 14. 
 
Synthesis of 5,7-bis(1,1-dimethylethyl)-5H-imidazo[4,5-f]-2,1,3-benzothiadiazol-6-
ylidene) iridium(1,5-cyclooctadiene) chloride (15) 
 
To imidazolium salt 12 (100 mg, 0.27 mmol) in anhydrous toluene (2 mL), a solution of 
KHMDS (65 mg, 0.33 mmol, 1.2 eq.) in toluene (2 mL) was added slowly in a N2 
atmosphere glove box. The reaction mixture was stirred at room temperature for 25 
minutes.  Chloro(1,5-cyclooctadiene)iridium(I) dimer (89 mg, 0.13 mmol, 0.5 eq.) in 
toluene (2 mL) was then added dropwise. After 24 h, the reaction was filtered through 
celite. The mixture was evaporated and the residue was purified by flash chromatography 
(silica, 3:1:4 methylene chloride:ethyl ether:hexanes as eluent) to give 15 as an red solid 
(400 mg, 50%). Mp: decomposes at 205 °C. 1H NMR (300 MHz, C6D6): δ 7.81 (s, 2H, 
ArH), 5.11 (br, 2H, CHCOD), 2.39 (br, 2H, CHCOD), 2.05-2.25 [m, 4H, (CH2)COD], 1.97 (s, 
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18H, CH3), 1.46-1.58 [m, 2H, (CH2)COD], 1.21-1.36 [m, 2H, (CH2)COD]. 13C NMR (CDCl3, 
75.5 MHz): δ 206.71 (NCN), 150.11 (ArC), 138.75 (ArC), 102.20 (ArC), 81.78 (CHCOD), 
61.14 [C(CH3)3], 51.94 (CHCOD), 32.68 (CH3), 32.68 [(CH2)COD]  28.80 [(CH2)COD]. 13C 
NMR (d2-CH2Cl2, 75.5 MHz): δ 206.51 (NCN), 150.18 (ArC), 138.85 (ArC), 102.18 
(ArC), 81.26 (CHCOD), 61.04 [C(CH3)3], 51.90 (CHCOD), 32.61 [(CH2)COD],  32.49 (CH3), 
28.73 [(CH2)COD]. Anal. Calcd. for C25H39ClIrN4S · CH2Cl2 (740.27): C, 40.64; H, 4.83; 
N, 7.9. Found: C, 40.69; H, 4.83; N, 8.28. Crystals suitable for X-ray diffraction analysis 
were grown by slow evaporation a saturated solution of 15 in dichloromethane. 
 






13C NMR spectra of 15. 
 
Synthesis of 5,7-bis(1,1-dimethylethyl)-5H-imidazo[4,5-f]-2,1,3-benzothiadiazol-6-
ylidene) rhodium(CO)2 chloride (16) 
 
In a N2 atmosphere glove box, to a stirring solution of 12 (65 mg, 0.17 mmol) in anhydrous 
toluene (2 mL) a solution of KHMDS (38 mg, 0.19 mmol, 1.1 eq.) in toluene (2 mL) was 
added slowly. After stirring for 15 minutes, the carbene solution was added dropwise to a 
stirring solution of di-μ-chloro-tetracarbonyldirhodium(I) (34 mg, 0.087 mmol, 0.5 eq.) in 
toluene (3 mL). After 24 h, the reaction was filtered through celite and the solvent was 
evaporated to yield 16 as tan solid. The product was precipitated from methylene chloride 
with hexanes  (72 mg, 86%). 1H NMR (300 MHz, CDCl3): δ 8.38 (s, 2H, ArH), 2.63 (s, 
18H, CH3). 13C NMR (CDCl3, 75.5 MHz): δ 195.7 (d, JRh-C = 41.90 Hz, NCN), 185.5 (d, 
JRh-C = 57.09, CO), 182.14 (d, JRh-C = 76.95, CO), 150.1 (ArC), 137.7 (ArC), 104.0 (ArC), 
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61.4 [C(CH3)3], 32.0 (CH3). Slow decomposition of the compound prevented a correct 
elemental analysis. 
 





13C NMR spectra of 16. 
Synthesis of 5,7-bis(1,1-dimethylethyl)-5H-imidazo[4,5-f]-2,1,3-benzothiadiazol-6-
ylidene) gold chloride (17) 
 
In a N2 atmosphere glove box, to a stirring solution of 12 (100 mg, 0.27 mmol) in anhydrous 
toluene (3 mL) a suspension of KOt-Bu (30 mg, 0.27 mmol, 1 eq.) in toluene (3 mL) was 
added slowly. After stirring for 15 minutes a solution of chloro(dimethyl sulfide)gold(I) 
(78 mg, 0.27 mmol, 1 eq.) in toluene (4 mL) was added to the reaction slowly. After 24 h, 
the reaction was filtered through celite and the solvent was evaporated to yield 17 as an air 
sensitive yellow solid. (129 mg, 93%). 1H NMR (300 MHz, C6D6): δ ppm = 7.90 (s, 2H, 
ArH), 1.61 (s, 18 H). 13C NMR (75.5 MHz, C6D6): δ ppm = 150.7 (ArC), 136.8 (ArC), 











13C NMR spectra of 17. 
Synthesis of [1,3-bis(1,1-dimethylethyl) 1,3-dihydro-2H-imidazol-2-ylidene] 
rhodium(CO)2 chloride (24) 
In a N2 atmosphere glove box, commercially available 1,3-di(tert-butyl)imidazole-2-
ylidene (0.030 g, 0.17 mmol) and di-μ-chloro-tetracarbonyldirhodium(I) (0.032 g, 0.082 
mmol, 0.5 eq.) were weighed into a vial. THF (3 mL) was added and the solution was 
stirred for 3 h. The reaction mixture was evaporated to yield 24 as a dark red solid (63 mg, 
100%). 1H NMR (300 MHz, C6D6): δ 6.49 (s, 2H, CH), 1.58 (s, 18H, CH3). 13C NMR 
(C6D6, 75.5 MHz): δ 186.9 (d, JRh-C = 55.5 Hz, CO), 184.2 (d, JRh-C = 75.0, CO), 171.8 (d, 










13C NMR spectra of 24. 
Synthesis of [1,3-bis(1,1-dimethylethyl) 1,3-dihydro-2H-benzimidazol-2-ylidene] 
rhodium(CO)2 chloride (27) 
In a N2 atmosphere glove box, to a stirring suspension of 1,3-di(tert-
butyl)benzimidazolium chloride (47 mg, 0.18 mmol) in anhydrous THF (2 mL) a solution 
of KOt-Bu (25 mg, 0.22 mmol, 1.25 eq.) in THF (2 mL) was added slowly. After stirring 
for 16 minutes, the carbene solution was added dropwise to a stirring solution of Di-μ-
chloro-tetracarbonyldirhodium(I) (34 mg, 0.087 mmol, 0.5 eq.) in THF (2 mL). After 24 
h, the reaction was filtered through celite and the solvent was evaporated to yield 27 as a 
tan solid. The crude solid was extracted using diethyl ether (3 mL) to give the product as a 
yellow solid after drying (25 mg, 34%). 1H NMR (300 MHz, CDCl3): δ 7.85 (m, 2H, ArH), 
66	
	
7.27 (m, 2h, ArH), 2.17 (s, 18H, CH3). 13C NMR (CDCl3, 75.5 MHz): δ 185.9 (d, JRh-C = 
56.7 Hz, CO), 182.6 (d, JRh-C = 77.6, CO), 181.0 (d, JRh-C = 42.0, NCN), 135.2 (ArC), 122.0 
(ArC), 115.8 (ArC), 60.5 [C(CH3)], 32.4 (CH3). 
 













13C NMR spectra of 27. 
Synthesis of [1,3-bis(1,1-dimethylethyl) 1,3-dihydro-2H-imidazol-2-ylidene] 
rhodium(1,5-cyclooctadiene) chloride (28) 
In a N2 atmosphere glove box, commercially available available 1,3-di(tert-
butyl)imidazole-2-ylidene (0.030 g, 0.17 mmol) and chloro(1,5-cyclooctadiene)rhodium(I) 
dimer (0.041 g, 0.083 mmol, 0.5 eq.) were weighed into a vial. THF (3 mL) was added and 
the solution was stirred for 3 h. The reaction mixture was evaporated to yield 28 as a yellow 
solid (71 mg, 100%). 1H NMR (C6D6, 300 MHz): δ 6.57 (s, 2H, CH), 5.42 (br, 2H, CHCOD), 
3.12 (br, 2H, CHCOD), 2.31 (br, 4H, (CH2)COD], 1.90 (s, 18H, CH3), 1.65 (br, 4H, (CH2)COD]. 
13C NMR (C6D6, 75.5 MHz): δ 180.94 (d, JRh-C = 50.0 Hz, NCN), 119.90 (CH), 92.39 (d, 
JRh-C = 8.0 Hz, CHCOD), 67.46 (d, JRh-C = 15.0 Hz, CHCOD), 59.08 [C(CH3)3], 32.61 (CH3), 

















13C NMR spectra of 28. 
	
Catalytic studies (Table 2.7 and 2.8) 
For the hydrosilylation of acetophenone and derivatives of acetophenone: In a N2 
atmosphere glovebox, rhodium or iridium complexes 14 and 15 (0.242 mmol) and 1,3,5-
trimethoxybenzene (internal standard, 0.32 g, 1.9 mmol) were weighted into a 10 mL 
volumetric flask. This was diluted to the mark with deuterated benzene. For each 
experiment, 0.5 mL of this catalyst and standard solution was added to an NMR tube. To 
each NMR tube, one of the acetophenone derivatives (0.48 mmol) followed by 
diphenylsilane (0.25 mL, 1.37 mmol, 2.85 equiv) were added. The reaction was monitored 
by 1H NMR spectroscopy. The reactions were kept at 65 °C in an oil bath. The yield of 29 
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was calculated by comparing the integration values of the CH3 doublet and the CH quartet 
with that of the OCH3 singlet of the internal standard, 1,3,5-trimethoxybenzene. The yield 
of 30 was calculated by comparing the integration values of the two vinylic CH doublets 
with that of the OCH3 singlet of the internal standard. 
 
For the preliminary catalytic studies for the Meyer-Schuster rearrangement: 
propargyl alcohol was synthesized using known methods.101  Under aerobic conditions and 
in the absence of light, gold complex 17 (0.011 mmol) was suspended in 4.2 mL of a 6:1 
ratio of methanol:water. After no more became soluble, silver tetrafluoroborate (0.011 
mmol) was added to the mixture and reacted for 2 min. The propargyl alcohol was added 
to the mixture, and the reaction was heated at 60 °C overnight.99  Product 18 was 
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1. Single crystal X-Ray structure determination of compound 12 
  
Empirical formula                   [C15H21N4S]+ [BF4]- 0.5CH3CN 
      Formula weight                      396.76  
      Temperature                         293(2) K  
      Wavelength                          0.71073 A  
      Crystal system, space group        Monoclinic, P2(1)/n  
      Unit cell dimensions                a = 8.6524(17) A    
                                           b = 18.548(4) A 
c = 12.615(3) A 
beta = 101.94(3) deg.  
      Volume                              1980.7(7) A3  
      Z, Calculated density               4, 1.331 Mg/m3  
      Absorption coefficient             0.208 mm-1  
      F(000)                              828  
      Crystal size                        0.39 x 0.27 x 0.18 mm  
      Theta range for data collection    2.62 to 25.25 deg.  
      Limiting indices                    -10≤h≤10, -22≤k≤22, -13≤l≤15            
      Reflections collected / unique     17126 / 3583 [R(int) = 0.0354]  
      Completeness to theta = 25.25      99.8 %  
      Absorption correction              Semi-empirical from equivalents  
      Max. and min. transmission         1.0000 and 0.9290  
      Refinement method                  Full-matrix least-squares on F2  
      Data / restraints / parameters     3583 / 0 / 285  
      Goodness-of-fit on F2              1.066  
      Final R indices [I>2sigma(I)]      R1 = 0.0587, wR2 = 0.1396  
      R indices (all data)                R1 = 0.0694, wR2 = 0.1491  
      Extinction coefficient              0.042(3)  




Table 1.  Atomic coordinates (x 104) and equivalent isotropic  displacement parameters 
(A2 x 103) for 12.  U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor.__________________________________________________________________  
                     x                y                 z                U(eq)_____________________________  
S(8)         6550(1)        575(1)         940(1)         65(1)  
C(2)         8828(3)        2231(1)     -3195(2)       44(1)  
N(1)         9492(2)       1629(1)      -2741(2)       42(1)  
N(3)         7645(2)       2453(1)      -2754(2)       42(1)  
C(4)         7500(2)       1967(1)      -1931(2)       40(1)  
C(11)       8915(3)        864(1)      -1208(2)        44(1)  
C(12)       8696(2)       1430(1)      -1919(2)       40(1)  
C(5)         6475(3)       1955(1)      -1239(2)       45(1)  
N(7)         5838(3)       1281(1)        283(2)        58(1)  
C(10)       7883(3)        845(1)        -481(2)        44(1)  
N(9)         7917(3)        347(1)        313(2)         54(1)  
C(6)          6683(3)       1380(1)       -498(2)       45(1)  
C(13)        10862(3)     1237(1)      -3060(2)      47(1)  
C(16)        11357(3)     1655(2)      -3976(2)      64(1)  
C(14)        12229(3)     1222(2)      -2076(2)      58(1)  
C(17)        6662(3)       3119(1)      -3072(2)       51(1)  
C(15)        10305(4)      489(2)      -3448(3)        69(1)  
C(20)        7261(4)       3503(2)      -3972(3)       73(1)  
C(19)        4961(3)       2876(2)      -3486(3)       72(1)  
C(18)        6845(4)       3606(2)      -2082(3)       75(1)  
C(21)        5000             0                 5000           166(4)  
C(22)        4709(12)      -226(6)       3865(13)     124(4)  
N(23)        4484(12)      -404(7)       2988(14)     194(6)  
F(1)          8282(3)        2120(2)       4031(3)       145(1)  
B(1)          7035(5)       1656(2)       3862(3)        73(1)  
F(2)          7581(7)        986(2)         3875(7)       165(2)  
F(3)          6167(8)        1784(4)       2883(5)       167(2)  
F(4)          6255(14)      1776(6)       4598(9)       253(5)  
F(4A)       7148(16)      1390(9)       4860(11)     125(7)  
F(3A)       5753(10)      2074(9)       3750(19)     144(7)  
F(2A)       6290(30)      1144(14)     3235(16)     206(8)____________________________  
 
 
Table 2.  Bond lengths [Å] and angles [deg] for 12._______________________________  
S(8)-N(7)                        1.603(2)  
            S(8)-N(9)                        1.610(2)  
            C(2)-N(3)                        1.326(3)  
            C(2)-N(1)                        1.330(3)  
            C(2)-H(2)                        0.9300  
            N(1)-C(12)                       1.408(3)  
            N(1)-C(13)                       1.514(3)  
            N(3)-C(4)                        1.401(3)  
            N(3)-C(17)                       1.507(3)  
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            C(4)-C(5)                        1.368(3)  
            C(4)-C(12)                       1.433(3)  
            C(11)-C(12)                      1.368(3)  
            C(11)-C(10)                      1.407(3)  
            C(11)-H(11)                      0.9300  
            C(5)-C(6)                        1.405(3)  
            C(5)-H(5)                        0.9300  
            N(7)-C(6)                        1.356(3)  
            C(10)-N(9)                       1.358(3)  
            C(10)-C(6)                       1.433(3)  
            C(13)-C(15)                      1.517(4)  
            C(13)-C(16)                      1.524(4)  
            C(13)-C(14)                      1.527(4)  
            C(16)-H(16A)                     0.9600  
            C(16)-H(16B)                     0.9600  
            C(16)-H(16C)                     0.9600  
            C(14)-H(14A)                     0.9600  
            C(14)-H(14B)                     0.9600  
            C(14)-H(14C)                     0.9600  
            C(17)-C(20)                      1.518(4)  
            C(17)-C(18)                      1.523(4)  
            C(17)-C(19)                      1.525(4)  
            C(15)-H(15A)                     0.9600  
            C(15)-H(15B)                     0.9600  
            C(15)-H(15C)                     0.9600  
            C(20)-H(20A)                     0.9600  
            C(20)-H(20B)                     0.9600  
            C(20)-H(20C)                     0.9600  
            C(19)-H(19A)                     0.9600  
            C(19)-H(19B)                     0.9600  
            C(19)-H(19C)                     0.9600  
            C(18)-H(18A)                     0.9600  
            C(18)-H(18B)                     0.9600  
            C(18)-H(18C)                     0.9600  
            C(21)-C(22)                      1.462(15)  
            C(21)-H(21A)                     0.9600  
            C(21)-H(21B)                     0.9600  
            C(21)-H(21C)                     0.9600  
            C(22)-N(23)                      1.132(17)  
            F(1)-B(1)                           1.363(4)  
            B(1)-F(4)                           1.276(7)  
            B(1)-F(2A)                        1.316(17)  
            B(1)-F(3)                           1.327(6)  
            B(1)-F(2)                           1.329(6)  
            B(1)-F(3A)                        1.336(13)  
            B(1)-F(4A)                        1.337(12)  
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            F(2)-F(2A)                        1.27(3)  
            F(2)-F(4A)                        1.563(19)  
            F(3)-F(2A)                        1.26(3)  
            F(3)-F(3A)                        1.33(2)  
            F(4)-F(4A)                        1.055(16)  
            F(4)-F(3A)                        1.203(14)  
            N(7)-S(8)-N(9)                 101.76(11)  
            N(3)-C(2)-N(1)                 112.5(2)  
            N(3)-C(2)-H(2)                 123.8  
            N(1)-C(2)-H(2)                 123.8  
            C(2)-N(1)-C(12)                107.66(18)  
            C(2)-N(1)-C(13)                125.52(19)  
            C(12)-N(1)-C(13)              126.82(18)  
            C(2)-N(3)-C(4)                  107.80(18)  
            C(2)-N(3)-C(17)                125.82(19)  
            C(4)-N(3)-C(17)                126.37(18)  
            C(5)-C(4)-N(3)                  130.8(2)  
            C(5)-C(4)-C(12)                123.0(2)  
            N(3)-C(4)-C(12)                106.25(19)  
            C(12)-C(11)-C(10)              115.2(2)  
            C(12)-C(11)-H(11)              122.4  
            C(10)-C(11)-H(11)              122.4  
            C(11)-C(12)-N(1)               131.4(2)  
            C(11)-C(12)-C(4)               122.8(2)  
            N(1)-C(12)-C(4)                 105.80(19)  
            C(4)-C(5)-C(6)                   115.2(2)  
            C(4)-C(5)-H(5)                   122.4  
            C(6)-C(5)-H(5)                   122.4  
            C(6)-N(7)-S(8)                   106.19(17)  
            N(9)-C(10)-C(11)               125.3(2)  
            N(9)-C(10)-C(6)                 112.8(2)  
            C(11)-C(10)-C(6)               121.9(2)  
            C(10)-N(9)-S(8)                106.08(17)  
            N(7)-C(6)-C(5)                  124.9(2)  
            N(7)-C(6)-C(10)                113.1(2)  
            C(5)-C(6)-C(10)                121.9(2)  
            N(1)-C(13)-C(15)               108.2(2)  
            N(1)-C(13)-C(16)               108.4(2)  
            C(16)-C(13)-C(16)              109.9(2)  
            N(1)-C(13)-C(14)               108.1(2)  
            C(16)-C(13)-C(14)              112.7(2)  
            C(15)-C(13)-C(14)              109.5(2)  
            C(13)-C(16)-H(16A)             109.5  
            C(13)-C(16)-H(16B)             109.5  
            H(16A)-C(16)-H(16B)            109.5  
            C(13)-C(16)-H(16C)             109.5  
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            H(16A)-C(16)-H(16C)            109.5  
            H(16B)-C(16)-H(16C)            109.5  
            C(13)-C(14)-H(14A)             109.5  
            C(13)-C(14)-H(14B)             109.5  
            H(14A)-C(14)-H(14B)            109.5  
            C(13)-C(14)-H(14C)             109.5  
            H(14A)-C(14)-H(14C)            109.5  
            H(14B)-C(14)-H(14C)            109.5  
            N(3)-C(17)-C(20)                  108.8(2)  
            N(3)-C(17)-C(18)                  108.1(2)  
            C(20)-C(17)-C(18)                110.0(2)  
            N(3)-C(17)-C(19)                 107.5(2)  
            C(20)-C(17)-C(19)               109.7(2)  
            C(18)-C(17)-C(19)               112.7(2)  
            C(13)-C(15)-H(15A)             109.5  
            C(13)-C(15)-H(15B)             109.5  
            H(15A)-C(15)-H(15B)            109.5  
            C(13)-C(15)-H(15C)               109.5  
            H(15A)-C(15)-H(15C)            109.5  
            H(15B)-C(15)-H(15C)            109.5  
            C(17)-C(20)-H(20A)               109.5  
            C(17)-C(20)-H(20B)               109.5  
            H(20A)-C(20)-H(20B)            109.5  
            C(17)-C(20)-H(20C)               109.5  
            H(20A)-C(20)-H(20C)            109.5  
            H(20B)-C(20)-H(20C)            109.5  
            C(17)-C(19)-H(19A)               109.5  
            C(17)-C(19)-H(19B)               109.5  
            H(19A)-C(19)-H(19B)            109.5  
            C(17)-C(19)-H(19C)               109.5  
            H(19A)-C(19)-H(19C)            109.5  
            H(19B)-C(19)-H(19C)            109.5  
            C(17)-C(18)-H(18A)             109.5  
            C(17)-C(18)-H(18B)             109.5  
            H(18A)-C(18)-H(18B)          109.5  
            C(17)-C(18)-H(18C)             109.5  
            H(18A)-C(18)-H(18C)          109.5  
            H(18B)-C(18)-H(18C)          109.5  
            C(22)-C(21)-H(21A)             109.5  
            C(22)-C(21)-H(21B)             109.5  
            H(21A)-C(21)-H(21B)          109.5  
            C(22)-C(21)-H(21C)             109.5  
            H(21A)-C(21)-H(21C)          109.5  
            H(21B)-C(21)-H(21C)          109.5  
            N(23)-C(22)-C(21)                179.7(15)  
            F(4)-B(1)-F(2A)                    107.4(11)  
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            F(4)-B(1)-F(3)                       111.3(7)  
            F(2A)-B(1)-F(3)                    57.2(12)  
            F(4)-B(1)-F(2)                       113.3(7)  
            F(2A)-B(1)-F(2)                    57.3(13)  
            F(3)-B(1)-F(2)                       108.0(5)  
            F(4)-B(1)-F(3A)                    54.8(8)  
            F(2A)-B(1)-F(3A)                 93.7(15)  
            F(3)-B(1)-F(3A)                    60.0(9)  
            F(2)-B(1)-F(3A)                    146.0(8)  
            F(4)-B(1)-F(4A)                    47.6(8)  
            F(2A)-B(1)-F(4A)                                149.2(7)  
            F(2)-B(1)-F(4A)                    71.8(9)  
            F(3A)-B(1)-F(4A)                102.2(11)  
            F(4)-B(1)-F(1)                      107.3(5)  
            F(2A)-B(1)-F(1)                   145.3(11)  
            F(3)-B(1)-F(1)                      108.1(5)  
            F(2)-B(1)-F(1)                      108.7(4)  
            F(3A)-B(1)-F(1)                   105.3(8)  
            F(4A)-B(1)-F(1)                   100.6(6)  
            F(2A)-F(2)-B(1)                   60.8(9)  
            F(2A)-F(2)-F(4A)                 94.1(10)  
            B(1)-F(2)-F(4A)                   54.3(5)  
            F(2A)-F(3)-B(1)                   61.0(9)  
            F(2A)-F(3)-F(3A)                96.3(12)  
            B(1)-F(3)-F(3A)                   60.3(5)  
            F(4A)-F(4)-F(3A)                134.1(14)  
            F(4A)-F(4)-B(1)                   69.3(9)  
            F(3A)-F(4)-B(1)                   65.2(8)  
            F(4)-F(4A)-B(1)                   63.2(7)  
            F(4)-F(4A)-F(2)                   110.9(11)  
            B(1)-F(4A)-F(2)                   53.9(7)  
            F(4)-F(3A)-F(3)                 115.9(14)  
            F(4)-F(3A)-B(1)                 60.1(6)  
            F(3)-F(3A)-B(1)                 59.7(9)  
            F(3)-F(2A)-F(2)                 116.2(17)  
            F(3)-F(2A)-B(1)                 61.9(10)  
            F(2)-F(2A)-B(1)                 61.9(10)_____________________________  
Symmetry transformations used to generate equivalent atoms:  
 
Table 3.  Anisotropic displacement parameters (A2 x 103) for 12. The anisotropic 
displacement factor exponent takes the form:  -2 pi2 [h2 a*2 U11 + ... + 2 h k a* b* U12____  
               U11       U22        U33         U23         U13        U12_______________________ 
    S(8)       67(1)      71(1)       66(1)       21(1)       32(1)      11(1)  
    C(2)      41(1)      48(1)       45(1)        5(1)        13(1)       3(1)  
    N(1)      41(1)      45(1)       43(1)        2(1)        16(1)       6(1)  
    N(3)      38(1)      45(1)       43(1)        7(1)        11(1)       6(1)  
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    C(4)      37(1)      42(1)       41(1)        2(1)        7(1)         3(1)  
    C(11)    43(1)      43(1)       49(1)        2(1)        14(1)       6(1)  
    C(12)    36(1)      44(1)       41(1)       -1(1)        11(1)       2(1)  
    C(5)      39(1)      50(1)       47(1)        4(1)        14(1)       9(1)  
    N(7)      54(1)      68(1)       59(1)       14(1)       26(1)       10(1)  
    C(10)    43(1)      44(1)       45(1)        4(1)         11(1)       0(1)  
    N(9)      58(1)      54(1)       55(1)       11(1)        21(1)       6(1)  
    C(6)      38(1)      54(1)       45(1)        3(1)         14(1)       2(1)  
    C(13)    42(1)      52(1)       51(1)        2(1)         19(1)       8(1)  
    C(16)    58(2)      80(2)       62(2)       14(1)        31(1)      17(1)  
    C(14)    43(1)      68(2)       63(2)        9(1)         13(1)      11(1)  
    C(17)    47(1)      51(1)       58(2)       14(1)        16(1)      14(1)  
    C(15)    76(2)      59(2)       78(2)      -17(2)        30(2)       2(1)  
    C(20)    70(2)      71(2)       84(2)       39(2)         29(2)      21(2)  
    C(19)    44(1)      95(2)       75(2)       26(2)         8(1)        13(1)  
    C(18)    93(2)      50(2)       86(2)       -1(2)          28(2)      15(2)  
    C(21)   217(10)   135(7)     147(8)      14(6)        39(7)      -72(7)  
    C(22)    88(6)      103(7)     181(12)    -45(8)       30(7)      -6(5)  
    N(23)   103(7)     196(12)    287(17)   -125(12)   50(9)     -19(7)  
    F(1)      85(2)       143(2)     196(3)       54(2)       7(2)        -26(2)  
    B(1)      68(2)      72(2)        79(3)        1(2)         16(2)       -7(2)  
    F(2)     189(5)      84(3)       208(6)       5(3)         8(4)         45(3)  
    F(3)     178(5)     158(5)      127(4)       -4(4)       -58(4)       39(4)  
    F(4)     304(12)   264(11)    253(11)    -135(8)     203(10)  -104(8)  
    F(4A)  121(9)     145(13)     91(8)        67(10)      -21(8)     -65(9)  
    F(3A)   31(4)       186(13)   203(17)     72(14)     -5(6)        24(5)  
    F(2A)  300(30)    186(19)   119(12)    -59(13)      6(14)     -15(19)___________________  
 
 
Table 4.  Hydrogen coordinates (x 104) and isotropic displacement parameters (A2 x 103) 
for 12.__________________________________________________________________  
                                x                y                z             U(eq)______________________________  
          H(2)           9155            2470         -3758          53  
          H(11)         9692             517         -1205           53  
          H(5)           5696            2303         -1257          54  
          H(16A)      10491          1672         -4589          96  
          H(16B)      12241          1418         -4177          96  
          H(16C)      11652          2136         -3737          96  
          H(14A)      12513          1706         -1847          87  
          H(14B)      13121           985          -2266          87  
          H(14C)      11912           963          -1497          87  
          H(15A)       9957            236          -2876         104  
          H(15B)      11160           229          -3650         104  
          H(15C)       9446            527          -4063         104  
          H(20A)       8344           3639         -3717         110  
          H(20B)       6636           3926         -4186         110  
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          H(20C)       7182           3185         -4582         110  
          H(19A)       4910           2568         -4104         108  
          H(19B)       4301           3290         -3690         108  
          H(19C)       4601           2616         -2925         108  
          H(18A)       6397           3373         -1536         112  
          H(18B)       6307           4053         -2283         112  
          H(18C)       7946           3698         -1803         112  
          H(21A)       4112           -130           5307         249  
          H(21B)       5147            513           5043         249  
          H(21C)       5932           -235           5394         249________________________________  
          
          Table 5.  Torsion angles [deg] for 12.__________________________________________  
          N(3)-C(2)-N(1)-C(12)                                  -0.4(3)  
          N(3)-C(2)-N(1)-C(13)                                 179.8(2)  
          N(1)-C(2)-N(3)-C(4)                                    0.4(3)  
          N(1)-C(2)-N(3)-C(17)                                 179.2(2)  
          C(2)-N(3)-C(4)-C(5)                                   179.8(2)  
          C(17)-N(3)-C(4)-C(5)                                   1.0(4)  
          C(2)-N(3)-C(4)-C(12)                                  -0.3(2)  
          C(17)-N(3)-C(4)-C(12)                               -179.1(2)  
          C(10)-C(11)-C(12)-N(1)                              179.3(2)  
          C(10)-C(11)-C(12)-C(4)                               -0.2(3)  
          C(2)-N(1)-C(12)-C(11)                                -179.4(2)  
          C(13)-N(1)-C(12)-C(11)                                0.5(4)  
          C(2)-N(1)-C(12)-C(4)                                    0.2(2)  
          C(13)-N(1)-C(12)-C(4)                                -180.0(2)  
          C(5)-C(4)-C(12)-C(11)                                 -0.4(4)  
          N(3)-C(4)-C(12)-C(11)                                 179.7(2)  
          C(5)-C(4)-C(12)-N(1)                                   180.0(2)  
          N(3)-C(4)-C(12)-N(1)                                   0.1(2)  
          N(3)-C(4)-C(5)-C(6)                                   -179.5(2)  
          C(12)-C(4)-C(5)-C(6)                                   0.6(3)  
          N(9)-S(8)-N(7)-C(6)                                    -0.3(2)  
          C(12)-C(11)-C(10)-N(9)                              -177.9(2)  
          C(12)-C(11)-C(10)-C(6)                               0.5(3)  
          C(11)-C(10)-N(9)-S(8)                                 178.0(2)  
          C(6)-C(10)-N(9)-S(8)                                   -0.5(3)  
          N(7)-S(8)-N(9)-C(10)                                   0.4(2)  
          S(8)-N(7)-C(6)-C(5)                                    -178.0(2)  
          S(8)-N(7)-C(6)-C(10)                                   0.0(3)  
          C(4)-C(5)-C(6)-N(7)                                   177.5(2)  
          C(4)-C(5)-C(6)-C(10)                                  -0.3(3)  
          N(9)-C(10)-C(6)-N(7)                                   0.3(3)  
          C(11)-C(10)-C(6)-N(7)                               -178.3(2)  
          N(9)-C(10)-C(6)-C(5)                                  178.4(2)  
          C(11)-C(10)-C(6)-C(5)                                 -0.2(4)  
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          C(2)-N(1)-C(13)-C(15)                                -118.4(3)  
          C(12)-N(1)-C(13)-C(15)                                61.7(3)  
          C(2)-N(1)-C(13)-C(16)                                  0.7(3)  
          C(12)-N(1)-C(13)-C(16)                              -179.1(2)  
          C(2)-N(1)-C(13)-C(14)                                119.3(2)  
          C(12)-N(1)-C(13)-C(14)                               -60.5(3)  
          C(2)-N(3)-C(17)-C(20)                                 -0.8(3)  
          C(4)-N(3)-C(17)-C(20)                                177.8(2)  
          C(2)-N(3)-C(17)-C(18)                                -120.2(3)  
          C(4)-N(3)-C(17)-C(18)                                 58.4(3)  
          C(2)-N(3)-C(17)-C(19)                                118.0(3)  
          C(4)-N(3)-C(17)-C(19)                                 -63.5(3)  
          F(4)-B(1)-F(2)-F(2A)                                   96.3(14)  
          F(3)-B(1)-F(2)-F(2A)                                  -27.4(13)  
          F(3A)-B(1)-F(2)-F(2A)                                 35(2)  
          F(4A)-B(1)-F(2)-F(2A)                                120.1(13)  
          F(1)-B(1)-F(2)-F(2A)                                  -144.5(12)  
          F(4)-B(1)-F(2)-F(4A)                                  -23.8(8)  
          F(2A)-B(1)-F(2)-F(4A)                               -120.1(13)  
          F(3)-B(1)-F(2)-F(4A)                                 -147.6(7)  
          F(3A)-B(1)-F(2)-F(4A)                                -85(2)  
          F(1)-B(1)-F(2)-F(4A)                                  95.4(6)  
          F(4)-B(1)-F(3)-F(2A)                                  -97.5(15)  
          F(2)-B(1)-F(3)-F(2A)                                   27.5(15)  
          F(3A)-B(1)-F(3)-F(2A)                                -117.5(16)  
          F(4A)-B(1)-F(3)-F(2A)                                -57(2)  
          F(1)-B(1)-F(3)-F(2A)                                  145.0(14)  
          F(4)-B(1)-F(3)-F(3A)                                  20.0(9)  
          F(2A)-B(1)-F(3)-F(3A)                               117.5(16)  
          F(2)-B(1)-F(3)-F(3A)                                  145.0(8)  
          F(4A)-B(1)-F(3)-F(3A)                                 60(2)  
          F(1)-B(1)-F(3)-F(3A)                                   -97.6(9)  
          F(2A)-B(1)-F(4)-F(4A)                                 92.5(17)  
          F(3)-B(1)-F(4)-F(4A)                                  153.3(10)  
          F(2)-B(1)-F(4)-F(4A)                                  31.3(11)  
          F(3A)-B(1)-F(4)-F(4A)                                174.5(13)  
          F(1)-B(1)-F(4)-F(4A)                                 -88.7(10)  
          F(2A)-B(1)-F(4)-F(3A)                                -82.0(16)  
          F(3)-B(1)-F(4)-F(3A)                                 -21.3(11)  
          F(2)-B(1)-F(4)-F(3A)                                  -143.2(11)  
          F(4A)-B(1)-F(4)-F(3A)                               -174.5(13)  
          F(1)-B(1)-F(4)-F(3A)                                  96.8(10)  
          F(3A)-F(4)-F(4A)-B(1)                                 6.9(16)  
          F(3A)-F(4)-F(4A)-F(2)                                -19(2)  
          B(1)-F(4)-F(4A)-F(2)                                   -25.8(7)  
          F(2A)-B(1)-F(4A)-F(4)                               -101.4(16)  
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          F(3)-B(1)-F(4A)-F(4)                                   -55(2)  
          F(2)-B(1)-F(4A)-F(4)                                  -149.8(10)  
          F(3A)-B(1)-F(4A)-F(4)                                 -4.6(11)  
          F(1)-B(1)-F(4A)-F(4)                                  103.8(8)  
          F(4)-B(1)-F(4A)-F(2)                                  149.8(10)  
          F(2A)-B(1)-F(4A)-F(2)                                 48.4(13)  
          F(3)-B(1)-F(4A)-F(2)                                  94.8(18)  
          F(3A)-B(1)-F(4A)-F(2)                                145.3(9)  
          F(1)-B(1)-F(4A)-F(2)                                 -106.4(5)  
          F(2A)-F(2)-F(4A)-F(4)                                -20.5(16)  
          B(1)-F(2)-F(4A)-F(4)                                  28.7(9)  
          F(2A)-F(2)-F(4A)-B(1)                                -49.2(12)  
          F(4A)-F(4)-F(3A)-F(3)                                 15(2)  
          B(1)-F(4)-F(3A)-F(3)                                   22.0(9)  
          F(4A)-F(4)-F(3A)-B(1)                                 -7.1(17)  
          F(2A)-F(3)-F(3A)-F(4)                                 29.2(18)  
          B(1)-F(3)-F(3A)-F(4)                                  -22.1(9)  
          F(2A)-F(3)-F(3A)-B(1)                                 51.3(13)  
          F(2A)-B(1)-F(3A)-F(4)                                108.7(12)  
          F(3)-B(1)-F(3A)-F(4)                                 157.0(11)  
          F(2)-B(1)-F(3A)-F(4)                                  80(2)  
          F(4A)-B(1)-F(3A)-F(4)                               4.1(10)  
          F(1)-B(1)-F(3A)-F(4)                                -100.6(7)  
          F(4)-B(1)-F(3A)-F(3)                                -157.0(11)  
          F(2A)-B(1)-F(3A)-F(3)                              -48.3(11)  
          F(2)-B(1)-F(3A)-F(3)                                 -77.5(17)  
          F(4A)-B(1)-F(3A)-F(3)                              -152.9(8)  
          F(1)-B(1)-F(3A)-F(3)                                  102.3(7)  
          B(1)-F(3)-F(2A)-F(2)                                  -30.9(11)  
          F(3A)-F(3)-F(2A)-F(2)                                -81.7(18)  
          F(3A)-F(3)-F(2A)-B(1)                                -50.9(9)  
          B(1)-F(2)-F(2A)-F(3)                                  30.8(12)  
          F(4A)-F(2)-F(2A)-F(3)                                 75.6(17)  
          F(4A)-F(2)-F(2A)-B(1)                                 44.8(8)  
          F(4)-B(1)-F(2A)-F(3)                                  104.5(10)  
          F(2)-B(1)-F(2A)-F(3)                                 -148.6(15)  
          F(3A)-B(1)-F(2A)-F(3)                                 50.3(11)  
          F(4A)-B(1)-F(2A)-F(3)                                153.8(11)  
          F(1)-B(1)-F(2A)-F(3)                                    -74(3)  
          F(4)-B(1)-F(2A)-F(2)                                  -106.9(11)  
          F(3)-B(1)-F(2A)-F(2)                                   148.6(15)  
          F(3A)-B(1)-F(2A)-F(2)                               -161.1(11)  
          F(4A)-B(1)-F(2A)-F(2)                               -57.6(12)  
          F(1)-B(1)-F(2A)-F(2)                                    75(2)_______________________________ 
Symmetry transformations used to generate equivalent atoms: 
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2. Single crystal X-Ray structure determination of compound 13 0.5C7H8 
 
Chemical formula C18.50H24N4S2 
Formula weight 366.54 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.043 x 0.293 x 0.436 mm 
Crystal system monoclinic 
Space group C 1 2/m 1 
Unit cell dimensions a = 11.7509(6) Å α = 90° 
 b = 12.9112(8) Å β = 107.429(2)° 
 c = 12.3655(7) Å γ = 90° 
Volume 1789.94(18) Å3  
Z 4 
Density (calculated) 1.360 g/cm3 
Absorption coefficient 0.306 mm-1 
F(000) 780 
Theta range for data collection 2.62 to 27.50° 
Index ranges -15≤h≤15, -16≤k≤16, -16≤l≤16 
Reflections collected 29990 
Independent reflections 2149 [R(int) = 0.0280] 
Max. and min. transmission 1.0000 and 0.9404 
Structure solution technique direct methods 
Structure solution program SHELXT-2014 (Sheldrick 2014) 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014 (Sheldrick 2014) 
Function minimized Σ w(Fo2 - Fc2)2 
Data / restraints / parameters 2149 / 49 / 147 
Goodness-of-fit on F2 1.058 
Final R indices 1985 data; I>2σ(I) R1 = 0.0365, wR2 = 0.0947 




Largest diff. peak and hole 0.428 and -0.394 eÅ-3 
R.M.S. deviation from mean 0.058 eÅ-3 
 
A specimen of C18.50H24N4S2, approximate dimensions 0.043 mm x 0.293 mm x 0.436 mm, 
was used for the X-ray crystallographic analysis. The X-ray intensity data were measured. 
The integration of the data using a monoclinic unit cell yielded a total of 29990 reflections 
to a maximum θ angle of 27.50° (0.77 Å resolution), of which 2149 were independent 
(average redundancy 13.955, completeness = 99.6%, Rint = 2.80%, Rsig = 1.15%) and 1985 
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(92.37%) were greater than 2σ(F2). The final cell constants of a = 11.7509(6) Å, b = 
12.9112(8) Å, c = 12.3655(7) Å, β = 107.429(2)°, volume = 1789.94(18) Å3, are based 
upon the refinement of the XYZ-centroids of reflections above 20 σ(I). The calculated 
minimum and maximum transmission coefficients (based on crystal size) are 0.9404 and 
1.0000.  
The structure was solved and refined using the Bruker SHELXTL Software Package, using 
the space group C 1 2/m 1, with Z = 4 for the formula unit, C18.50H24N4S2. The final 
anisotropic full-matrix least-squares refinement on F2 with 147 variables converged at R1 
= 3.65%, for the observed data and wR2 = 9.69% for all data. The goodness-of-fit was 
1.058. The largest peak in the final difference electron density synthesis was 0.428 e-/Å3 
and the largest hole was -0.394 e-/Å3 with an RMS deviation of 0.058 e-/Å3. On the basis 
of the final model, the calculated density was 1.360 g/cm3 and F(000), 780 e-.  
 
Table 6. Atomic coordinates and equivalent isotropic atomic displacement parameters 
(Å2) for 13.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 
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 x/a y/b z/c U(eq) 
S8 0.85681(5) 0.5 0.39457(4) 0.01733(15) 
S1 0.41257(5) 0.5 0.80816(5) 0.02179(15) 
N3 0.58593(10) 0.58672(9) 0.73328(9) 0.0107(2) 
N7 0.80909(11) 0.59720(10) 0.45161(10) 0.0159(3) 
C6 0.75120(12) 0.55576(10) 0.52058(11) 0.0127(3) 
C4 0.64740(11) 0.55593(10) 0.65782(10) 0.0107(3) 
C5 0.69497(12) 0.61299(11) 0.58817(11) 0.0125(3) 
C2 0.53178(16) 0.5 0.76309(16) 0.0115(4) 
C17 0.57986(12) 0.69734(10) 0.77070(11) 0.0119(3) 
C18 0.70539(12) 0.74488(11) 0.79799(12) 0.0166(3) 
C19 0.48821(13) 0.75522(12) 0.67564(12) 0.0181(3) 
C20 0.54587(14) 0.70465(12) 0.88112(12) 0.0190(3) 
C30 0.9317(4) 0.5 0.0063(3) 0.0163(8) 
C32 0.0267(5) 0.5 0.8574(4) 0.0298(11) 
C34 0.1456(5) 0.5 0.0497(5) 0.0360(12) 
C33 0.1371(7) 0.5 0.9343(7) 0.0335(18) 
C35 0.8192(8) 0.5 0.0367(8) 0.0370(19) 
C31 0.9409(3) 0.5 0.9032(2) 0.0397(7) 
 
 














































































































Table 9. Anisotropic atomic displacement parameters (Å2) for 13. The anisotropic atomic 
displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
 U11 U22 U33 U23 U13 U12 
S8 0.0238(3) 0.0168(3) 0.0165(2) 0 0.0138(2) 0 
S1 0.0171(3) 0.0186(3) 0.0358(3) 0 0.0173(2) 0 
N3 0.0125(5) 0.0099(6) 0.0119(5) -0.0004(4) 0.0069(4) 0.0000(4) 
N7 0.0209(6) 0.0156(6) 0.0141(5) -0.0006(5) 0.0095(5) -0.0008(5) 
C6 0.0150(6) 0.0130(7) 0.0108(6) 0.0008(5) 0.0051(5) -0.0004(5) 
C4 0.0116(6) 0.0111(7) 0.0097(6) -0.0011(5) 0.0036(5) 0.0006(5) 
C5 0.0163(6) 0.0100(6) 0.0120(6) -0.0005(5) 0.0055(5) -0.0005(5) 
C2 0.0115(8) 0.0117(9) 0.0117(8) 0 0.0040(7) 0 
C17 0.0151(6) 0.0095(6) 0.0129(6) -0.0007(5) 0.0070(5) 0.0012(5) 
C18 0.0183(7) 0.0143(7) 0.0184(7) -0.0052(5) 0.0073(5) -0.0040(5) 
C19 0.0205(7) 0.0154(7) 0.0182(7) 0.0021(5) 0.0056(5) 0.0059(5) 
C20 0.0275(8) 0.0175(7) 0.0165(7) -0.0034(5) 0.0137(6) -0.0010(6) 
C30 0.019(2) 0.0108(17) 0.0178(18) 0.000(5) 0.0031(16) 0.000(5) 
C32 0.053(3) 0.0135(19) 0.032(2) 0.000(5) 0.026(2) 0.000(5) 
C34 0.024(2) 0.019(2) 0.057(3) 0.000(5) -0.001(2) 0.000(5) 
C33 0.037(4) 0.015(2) 0.053(4) 0.000(5) 0.020(3) 0.000(5) 
C35 0.049(5) 0.019(3) 0.048(4) 0.000(10) 0.020(4) 0.000(10) 
C31 0.0707(19) 0.0144(11) 0.0401(15) 0 0.0258(14) 0 
 
Table 10. Hydrogen atomic coordinates and isotropic atomic displacement parameters 
(Å2) for 13. 
 x/a y/b z/c U(eq) 
H5 0.6905 0.6865 0.5854 0.015 
H18A 0.7032 0.8168 0.8225 0.025 
H18B 0.7609 0.7051 0.8587 0.025 
H18C 0.7320 0.7430 0.7301 0.025 
H19A 0.4830 0.8273 0.6984 0.027 
H19B 0.5129 0.7534 0.6067 0.027 
H19C 0.4101 0.7220 0.6610 0.027 
H20A 0.5430 0.7776 0.9021 0.028 
H20B 0.4674 0.6729 0.8700 0.028 
H20C 0.6055 0.6681 0.9417 0.028 
H32 0.0137 0.5000 0.7778 0.036 
H34 0.2243 0.5000 1.1006 0.043 
H33 0.2068 0.5000 0.9104 0.04 
H35A -0.1627 0.5000 1.1193 0.055 
H35B -0.2272 0.5620 1.0054 0.055 
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 x/a y/b z/c U(eq) 
H35C -0.2272 0.4380 1.0054 0.055 
H31A -0.1361 0.5000 0.8467 0.05 
H31B -0.0707 0.5000 0.8229 0.05 
 
Table 11. Hydrogen bond distances (Å) and angles (°) for 13.  
 Donor-H Acceptor-H Donor-Acceptor Angle 
C20-H20B...S1 0.98 2.39 3.0663(16) 126.1 
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3. Single crystal X-Ray structure determination of compound 14·CH2Cl2 
 
Empirical formula                      C24H34Cl3N4RhS  
      Formula weight                        619.87  
      Temperature                           293(2) K  
      Wavelength                             0.71073 A  
      Crystal system, space group       Monoclinic, P2(1)/n  
      Unit cell dimensions                   a = 13.508(2) A    
                                               b = 12.633(2) A                                              
         c = 16.325(3) A  
               Beta = 94.71(3) deg.  
      Volume                                  2776.5(8) A3  
      Z, Calculated density                 4, 1.483 Mg/m3  
      Absorption coefficient                 0.999 mm-1  
      F(000)                                  1272  
      Crystal size                            0.47 x 0.41 x 0.24 mm  
      Theta range for data collection    2.04 to 25.15 deg.  
      Limiting indices                       -16≤h≤16, -15≤k≤15, -18≤l≤19  
      Reflections collected / unique      23352 / 4948 [R(int) = 0.0476]  
      Completeness to theta = 25.15     99.6 %  
      Absorption correction                  Semi-empirical from equivalents  
      Max. and min. transmission         1.0000 and 0.8344  
      Refinement method                      Full-matrix least-squares on F2  
      Data / restraints / parameters        4948 / 0 / 277  
      Goodness-of-fit on F2                   1.072  
      Final R indices [I>2sigma(I)]       R1 = 0.0641, wR2 = 0.1688  
      R indices (all data)                     R1 = 0.0767, wR2 = 0.1850  






One disordered CH2Cl2 solvent molecule per formula unit was modeled using the 
SQUEEZE algorithm of PLATON.  The solvent molecule could be readily identified from 
the difference map, but could not be reliably refined, even with the help of restraints.  Thus 
it was deemed best to model this electron density using SQUEEZE.  The SQUEEZE 
algorithm modeled 150 electrons in 615.3 Å3 of voids.  This corresponds to 3.6 CH2Cl2 
solvent molecules per unit cell, or 0.9 CH2Cl2 solvent molecules per formula unit.  Thus 
there is one CH2Cl2 solvent molecule that is included in the formula that is not included 
in the atom list. 
 
Table 12.  Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(A2 x 103) for 14. U(eq) is defined as one third of the trace of the orthogonalized  Uij tensor.   
                                x                 y                 z              U(eq)_____________________________  
.         Rh(1)        7405(1)       2691(1)       3969(1)       49(1)  
          Cl(1)         8109(1)       2676(1)       2641(1)       56(1)  
          S(8)           986(1)         2700(1)       2534(2)       83(1)  
          N(1)          5379(3)       1822(3)       3271(2)       41(1)  
          N(3)          5391(3)       3561(3)       3276(2)       42(1)  
          N(7)          1746(3)       3680(4)       2665(4)       69(1)  
          N(9)          1746(3)       1713(4)       2630(4)       72(1)  
          C(2)          5981(3)       2691(4)       3430(3)       42(1)  
          C(4)          4400(3)       3254(4)       3083(3)       43(1)  
          C(5)          3554(3)       3845(4)       2943(3)       52(1)  
          C(6)          2659(4)       3262(4)       2787(3)       52(1)  
          C(10)        2670(4)       2143(4)       2812(4)       56(1)  
          C(11)        3539(3)       1552(4)       2910(3)       48(1)  
          C(12)        4400(3)       2128(4)       3076(3)       42(1)  
          C(13)        5688(3)        665(4)        3206(3)       47(1)  
          C(14)        5416(4)        317(5)        2325(3)       59(1)  
          C(15)        5161(4)         10(5)         3822(4)        63(1)  
          C(16)        6796(4)        498(4)        3386(4)       56(1)  
          C(17)        5698(3)       4715(4)       3189(3)       48(1)  
          C(18)        5415(4)       5050(5)       2297(4)       60(1)  
          C(19)        5178(4)       5392(5)       3813(4)       66(2)  
          C(20)        6817(4)       4873(5)       3356(4)       59(1)  
          C(21)        6898(6)       2188(7)       5094(4)       80(2)  
          C(28)        7658(8)       1457(9)       5581(5)      111(3)  
          C(27)        8682(8)       1483(12)     5285(8)      161(6)  
          C(26)        8844(5)       2146(7)       4571(6)       88(2)  
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          C(25)        8814(5)       3231(7)       4563(5)       79(2)  
          C(24)        8691(7)       3875(11)     5281(7)      143(5)  
          C(23)        7667(7)       3940(8)       5563(5)      100(3)  
          C(22)        6905(5)       3263(6)       5081(4)       71(2)_____________________________  
 
 
 Table 13.  Bond lengths [A] and angles [deg] for 14.______________________________  
            Rh(1)-C(2)                       2.049(5)  
            Rh(1)-C(21)                      2.110(6)  
            Rh(1)-C(22)                      2.115(6)  
            Rh(1)-C(25)                      2.174(6)  
            Rh(1)-C(26)                      2.215(6)  
            Rh(1)-Cl(1)                      2.4391(15)  
            S(8)-N(7)                        1.611(5)  
            S(8)-N(9)                        1.615(5)  
            N(1)-C(2)                        1.377(6)  
            N(1)-C(12)                       1.390(6)  
            N(1)-C(13)                       1.526(6)  
            N(3)-C(2)                        1.369(6)  
            N(3)-C(4)                        1.405(6)  
            N(3)-C(17)                       1.525(6)  
            N(7)-C(6)                        1.342(6)  
            N(9)-C(10)                       1.371(7)  
            C(4)-C(5)                        1.368(7)  
            C(4)-C(12)                       1.422(7)  
            C(5)-C(6)                        1.420(7)  
            C(5)-H(5)                        0.9300  
            C(6)-C(10)                       1.415(8)  
            C(10)-C(11)                      1.389(7)  
            C(11)-C(12)                      1.380(7)  
            C(11)-H(11)                      0.9300  
            C(13)-C(16)                      1.516(7)  
            C(13)-C(14)                      1.521(7)  
            C(13)-C(15)                      1.524(7)  
            C(14)-H(14A)                     0.9600  
            C(14)-H(14B)                     0.9600  
            C(14)-H(14C)                     0.9600  
            C(15)-H(15A)                     0.9600  
            C(15)-H(15B)                     0.9600  
            C(15)-H(15C)                     0.9600  
            C(16)-H(16A)                     0.9600  
            C(16)-H(16B)                     0.9600  
            C(16)-H(16C)                     0.9600  
            C(17)-C(20)                      1.527(7)  
            C(17)-C(18)                      1.534(7)  
            C(17)-C(19)                      1.542(7)  
            C(18)-H(18A)                     0.9600  
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            C(18)-H(18B)                     0.9600  
            C(18)-H(18C)                     0.9600  
            C(19)-H(19A)                     0.9600  
            C(19)-H(19B)                     0.9600  
            C(19)-H(19C)                     0.9600  
            C(20)-H(20A)                     0.9600  
            C(20)-H(20B)                     0.9600  
            C(20)-H(20C)                     0.9600  
            C(21)-C(22)                      1.358(11)  
            C(21)-C(28)                      1.552(11)  
            C(21)-H(21)                      0.9300  
            C(28)-C(27)                      1.503(15)  
            C(28)-H(28A)                     0.9700  
            C(28)-H(28B)                     0.9700  
            C(27)-C(26)                      1.467(14)  
            C(27)-H(27A)                     0.9700  
            C(27)-H(27B)                     0.9700  
            C(26)-C(25)                      1.371(12)  
            C(26)-H(26)                      0.9300  
            C(25)-C(24)                      1.448(12)  
            C(25)-H(25)                      0.9300  
            C(24)-C(23)                      1.495(13)  
            C(24)-H(24A)                     0.9700  
            C(24)-H(24B)                     0.9700  
            C(23)-C(22)                      1.509(10)  
            C(23)-H(23A)                     0.9700  
            C(23)-H(23B)                     0.9700  
            C(22)-H(22)                      0.9300  
            C(2)-Rh(1)-C(21)                90.8(2)  
            C(2)-Rh(1)-C(22)                90.8(2)  
            C(21)-Rh(1)-C(22)               37.5(3)  
            C(2)-Rh(1)-C(25)               161.6(3)  
            C(21)-Rh(1)-C(25)               92.4(3)  
            C(22)-Rh(1)-C(25)               80.8(3)  
            C(2)-Rh(1)-C(26)               161.7(3)  
            C(21)-Rh(1)-C(26)               81.7(3)  
            C(22)-Rh(1)-C(26)               93.2(3)  
            C(25)-Rh(1)-C(26)               36.4(3)  
            C(2)-Rh(1)-Cl(1)                92.25(14)  
            C(21)-Rh(1)-Cl(1)              161.8(2)  
            C(22)-Rh(1)-Cl(1)              160.2(2)  
            C(25)-Rh(1)-Cl(1)               90.4(2)  
            C(26)-Rh(1)-Cl(1)               90.0(3)  
            N(7)-S(8)-N(9)                 100.8(3)  
            C(2)-N(1)-C(12)                110.9(4)  
            C(2)-N(1)-C(13)                128.0(4)  
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            C(12)-N(1)-C(13)               120.7(4)  
            C(2)-N(3)-C(4)                 110.4(4)  
            C(2)-N(3)-C(17)               128.8(4)  
            C(4)-N(3)-C(17)                120.3(4)  
            C(6)-N(7)-S(8)                 106.6(4)  
            C(10)-N(9)-S(8)                106.0(4)  
            N(3)-C(2)-N(1)                 106.3(4)  
            N(3)-C(2)-Rh(1)                126.2(3)  
            N(1)-C(2)-Rh(1)                126.8(3)  
            C(5)-C(4)-N(3)                 130.8(4)  
            C(5)-C(4)-C(12)                123.1(4)  
            N(3)-C(4)-C(12)                106.1(4)  
            C(4)-C(5)-C(6)                 115.7(5)  
            C(4)-C(5)-H(5)                 122.2  
            C(6)-C(5)-H(5)                 122.2  
            N(7)-C(6)-C(10)                113.8(4)  
            N(7)-C(6)-C(5)                 125.6(5)  
            C(10)-C(6)-C(5)                120.5(4)  
            N(9)-C(10)-C(11)               123.9(5)  
            N(9)-C(10)-C(6)                112.5(4)  
            C(11)-C(10)-C(6)               123.1(4)  
            C(12)-C(11)-C(10)              115.5(5)  
            C(12)-C(11)-H(11)              122.3  
            C(10)-C(11)-H(11)              122.3  
            C(11)-C(12)-N(1)              132.0(4)  
            C(11)-C(12)-C(4)               121.9(4)  
            N(1)-C(12)-C(4)                106.1(4)  
            C(16)-C(13)-C(14)              107.5(4)  
            C(16)-C(13)-C(15)              107.7(4)  
            C(14)-C(13)-C(15)              112.2(5)  
            C(16)-C(13)-N(1)               113.0(4)  
            C(14)-C(13)-N(1)               107.2(4)  
            C(15)-C(13)-N(1)               109.2(4)  
            C(13)-C(14)-H(14A)             109.5  
            C(13)-C(14)-H(14B)             109.5  
            H(14A)-C(14)-H(14B)            109.5  
            C(13)-C(14)-H(14C)             109.5  
            H(14A)-C(14)-H(14C)            109.5  
            H(14B)-C(14)-H(14C)            109.5  
            C(13)-C(15)-H(15A)             109.5  
            C(13)-C(15)-H(15B)             109.5  
            H(15A)-C(15)-H(15B)            109.5  
            C(13)-C(15)-H(15C)             109.5  
            H(15A)-C(15)-H(15C)            109.5  
            H(15B)-C(15)-H(15C)            109.5  
            C(13)-C(16)-H(16A)             109.5  
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            C(13)-C(16)-H(16B)             109.5  
            H(16A)-C(16)-H(16B)            109.5  
            C(13)-C(16)-H(16C)             109.5  
            H(16A)-C(16)-H(16C)            109.5  
            H(16B)-C(16)-H(16C)            109.5  
            N(3)-C(17)-C(20)               112.4(4)  
            N(3)-C(17)-C(18)               107.7(4)  
            C(20)-C(17)-C(18)              107.3(4)  
            N(3)-C(17)-C(19)               109.1(4)  
            C(20)-C(17)-C(19)              107.9(4)  
            C(18)-C(17)-C(19)              112.5(5)  
            C(17)-C(18)-H(18A)             109.5  
            C(17)-C(18)-H(18B)             109.5  
            H(18A)-C(18)-H(18B)            109.5  
            C(17)-C(18)-H(18C)             109.5  
            H(18A)-C(18)-H(18C)            109.5  
            H(18B)-C(18)-H(18C)            109.5  
            C(17)-C(19)-H(19A)             109.5  
            C(17)-C(19)-H(19B)             109.5  
            H(19A)-C(19)-H(19B)            109.5  
            C(17)-C(19)-H(19C)             109.5  
            H(19A)-C(19)-H(19C)            109.5  
            H(19B)-C(19)-H(19C)            109.5  
            C(17)-C(20)-H(20A)             109.5  
            C(17)-C(20)-H(20B)             109.5  
            H(20A)-C(20)-H(20B)            109.5  
            C(17)-C(20)-H(20C)             109.5  
            H(20A)-C(20)-H(20C)            109.5  
            H(20B)-C(20)-H(20C)            109.5  
            C(22)-C(21)-C(28)              126.8(7)  
            C(22)-C(21)-Rh(1)               71.4(4)  
            C(28)-C(21)-Rh(1)              112.2(5)  
            C(22)-C(21)-H(21)              116.6  
            C(28)-C(21)-H(21)              116.6  
            Rh(1)-C(21)-H(21)               86.2  
            C(27)-C(28)-C(21)              114.2(7)  
            C(27)-C(28)-H(28A)             108.7  
            C(21)-C(28)-H(28A)             108.7  
            C(27)-C(28)-H(28B)             108.7  
            C(21)-C(28)-H(28B)             108.7  
            H(28A)-C(28)-H(28B)            107.6  
            C(26)-C(27)-C(28)              118.0(7)  
            C(26)-C(27)-H(27A)             107.8  
            C(28)-C(27)-H(27A)             107.8  
            C(26)-C(27)-H(27B)             107.8  
            C(28)-C(27)-H(27B)             107.8  
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            H(27A)-C(27)-H(27B)            107.1  
            C(25)-C(26)-C(27)              125.0(10)  
            C(25)-C(26)-Rh(1)               70.2(3)  
            C(27)-C(26)-Rh(1)              110.4(6)  
            C(25)-C(26)-H(26)              117.5  
            C(27)-C(26)-H(26)              117.5  
            Rh(1)-C(26)-H(26)              89.4  
            C(26)-C(25)-C(24)              123.9(9)  
            C(26)-C(25)-Rh(1)               73.4(4)  
            C(24)-C(25)-Rh(1)              112.5(5)  
            C(26)-C(25)-H(25)              118.0  
            C(24)-C(25)-H(25)              118.0  
            Rh(1)-C(25)-H(25)               84.1  
            C(25)-C(24)-C(23)              116.8(6)  
            C(25)-C(24)-H(24A)             108.1  
            C(23)-C(24)-H(24A)             108.1  
            C(25)-C(24)-H(24B)             108.1  
            C(23)-C(24)-H(24B)             108.1  
            H(24A)-C(24)-H(24B)            107.3  
            C(24)-C(23)-C(22)              114.7(7)  
            C(24)-C(23)-H(23A)             108.6  
            C(22)-C(23)-H(23A)             108.6  
            C(24)-C(23)-H(23B)             108.6  
            C(22)-C(23)-H(23B)             108.6  
            H(23A)-C(23)-H(23B)            107.6  
            C(21)-C(22)-C(23)              124.3(7)  
            C(21)-C(22)-Rh(1)               71.1(4)  
            C(23)-C(22)-Rh(1)              112.9(5)  
            C(21)-C(22)-H(22)              117.9  
            C(23)-C(22)-H(22)              117.9  
            Rh(1)-C(22)-H(22)               86.1________________________________  
   Symmetry transformations used to generate equivalent atoms:  
            
Table 14.  Anisotropic displacement parameters (A2 x 103) for 14. The anisotropic 
displacement factor exponent takes the form:  -2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
               U11      U22        U33        U23        U13        U12________________________ 
    Rh(1)    39(1)     62(1)      47(1)      -2(1)       0(1)       3(1)  
    Cl(1)     54(1)     55(1)      62(1)      -3(1)      17(1)      -1(1)  
    S(8)      35(1)      69(1)     144(2)      -5(1)     -5(1)      1(1)  
    N(1)     32(2)      44(2)      48(2)       1(2)       2(2)       -1(2)  
    N(3)     34(2)      42(2)      49(2)       1(2)       3(2)       1(2)  
    N(7)     35(2)      61(3)      110(4)     5(3)       -3(2)      5(2)  
    N(9)     41(2)      63(3)      110(4)     -6(3)      -1(2)      0(2)  
    C(2)     35(2)      48(2)      44(3)       -1(2)      7(2)       1(2)  
    C(4)     34(2)      47(3)      47(2)       -4(2)      2(2)       0(2)  
    C(5)     39(2)      47(3)      69(3)       2(2)       4(2)        2(2)  
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    C(6)     42(2)      52(3)      62(3)       3(2)       3(2)        5(2)  
    C(10)   32(2)      50(3)      87(4)       7(3)       12(2)      3(2)  
    C(11)   37(2)      44(2)      63(3)       -2(2)      1(2)       1(2)  
    C(12)   33(2)      47(3)      46(2)       1(2)       2(2)        1(2)  
    C(13)   43(2)      44(3)      53(3)       3(2)       4(2)        4(2)  
    C(14)   61(3)      54(3)      63(3)       -9(2)      10(3)      9(2)  
    C(15)   63(3)      56(3)      72(4)       16(3)     11(3)      1(2)  
    C(16)   48(3)      35(2)      84(4)       -4(2)      0(2)       3(2)  
    C(17)   40(2)      47(3)      58(3)       -2(2)      7(2)       -1(2)  
    C(18)   63(3)      53(3)      63(3)       7(2)       6(3)       -5(2)  
    C(19)   59(3)      59(3)      80(4)      -21(3)     8(3)       2(2)  
    C(20)   45(3)      58(3)      74(4)      -2(3)       4(2)       -4(2)  
    C(21)   80(5)      117(6)    41(3)      7(3)        2(3)       -9(4)  
    C(28)   143(8)    130(8)    59(4)      28(5)      -4(4)      36(6)  
    C(27)    93(7)     217(14)  165(11)  104(11)  -41(7)    20(8)  
    C(26)    57(4)     108(6)    93(5)      1(4)        -28(4)    18(4)  
    C(25)    53(3)     99(6)      82(4)      -11(4)     -21(3)    -2(3)  
    C(24)    92(6)     192(12)    139(9)     -90(9)     -24(6)     -34(7)  
    C(23)   129(7)    112(6)       58(4)      -27(4)     -8(4)       -13(5)  
    C(22)   79(4)      84(5)         50(3)      -5(3)       4(3)        10(3)______________________  
 
Table 15.  Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2 x 
103) for 14____________________________________.__________________________   
                                 x               y                z             U(eq)______________________________  
          H(5)            3565          4581          2948          62  
          H(11)          3540           818           2867          58  
          H(14A)       4716           412           2193          88  
          H(14B)       5583          -416           2265          88  
          H(14C)       5777           736           1959          88  
          H(15A)       5392           217           4371          95  
          H(15B)       5300          -727           3746          95  
          H(15C)       4457           127           3739          95  
          H(16A)       7146           871           2987          84  
          H(16B)       6944          -244           3360          84  
          H(16C)       6999           760           3926          84  
          H(18A)       5702          4565          1931          89  
          H(18B)       5662          5750          2210          89  
          H(18C)       4706          5045          2193          89  
          H(19A)       4472          5346          3695          99  
          H(19B)       5385          6116          3773          99  
          H(19C)       5355          5135          4359          99  
          H(20A)       7011          4723          3923          89  
          H(20B)       6984          5592          3236          89  
          H(20C)       7160          4404          3013          89  
          H(21)          6384          1856          4778          95  
          H(28A)       7701          1662          6155         134  
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          H(28B)       7413           735           5546         134  
          H(27A)       9139          1717          5739         193  
          H(27B)       8865           763           5156         193  
          H(26)          8977          1805          4087         105  
          H(25)          8877          3575          4066          95  
          H(24A)       8909          4588          5169         172  
          H(24B)       9130          3602          5732         172  
          H(23A)       7449          4671          5529         121  
          H(23B)       7694          3730          6136         121  
          H(22)          6407          3605          4753          85________________________________  
 
Table 16.  Torsion angles [deg] for 14.________________________________________ 
     N(9)-S(8)-N(7)-C(6)                                    0.6(6)  
          N(7)-S(8)-N(9)-C(10)                                   2.5(6)  
          C(4)-N(3)-C(2)-N(1)                                   4.7(5)  
          C(17)-N(3)-C(2)-N(1)                                -167.0(4)  
          C(4)-N(3)-C(2)-Rh(1)                                -166.2(3)  
          C(17)-N(3)-C(2)-Rh(1)                                 22.1(7)  
          C(12)-N(1)-C(2)-N(3)                                  -4.3(5)  
          C(13)-N(1)-C(2)-N(3)                                 168.9(4)  
          C(12)-N(1)-C(2)-Rh(1)                                166.5(3)  
          C(13)-N(1)-C(2)-Rh(1)                                -20.3(7)  
          C(21)-Rh(1)-C(2)-N(3)                                102.0(5)  
          C(22)-Rh(1)-C(2)-N(3)                                 64.5(4)  
          C(25)-Rh(1)-C(2)-N(3)                                  2.2(10)  
          C(26)-Rh(1)-C(2)-N(3)                                167.3(8)  
          Cl(1)-Rh(1)-C(2)-N(3)                                -95.9(4)  
          C(21)-Rh(1)-C(2)-N(1)                                -67.0(5)  
          C(22)-Rh(1)-C(2)-N(1)                               -104.5(4)  
          C(25)-Rh(1)-C(2)-N(1)                               -166.8(7)  
          C(26)-Rh(1)-C(2)-N(1)                                 -1.8(11)  
          Cl(1)-Rh(1)-C(2)-N(1)                                 95.0(4)  
          C(2)-N(3)-C(4)-C(5)                                  175.1(5)  
          C(17)-N(3)-C(4)-C(5)                                 -12.4(8)  
          C(2)-N(3)-C(4)-C(12)                                  -3.3(5)  
          C(17)-N(3)-C(4)-C(12)                                169.2(4)  
          N(3)-C(4)-C(5)-C(6)                                 -178.1(5)  
          C(12)-C(4)-C(5)-C(6)                                   0.1(7)  
          S(8)-N(7)-C(6)-C(10)                                  -3.5(6)  
          S(8)-N(7)-C(6)-C(5)                                 -178.9(5)  
          C(4)-C(5)-C(6)-N(7)                                  177.3(6)  
          C(4)-C(5)-C(6)-C(10)                                   2.2(8)  
          S(8)-N(9)-C(10)-C(11)                               -177.3(5)  
          S(8)-N(9)-C(10)-C(6)                                  -4.7(7)  
          N(7)-C(6)-C(10)-N(9)                                   5.6(7)  
          C(5)-C(6)-C(10)-N(9)                                -178.8(6)  
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          N(7)-C(6)-C(10)-C(11)                                178.2(6)  
          C(5)-C(6)-C(10)-C(11)                                 -6.1(9)  
          N(9)-C(10)-C(11)-C(12)                               178.9(6)  
          C(6)-C(10)-C(11)-C(12)                                 7.1(8)  
          C(10)-C(11)-C(12)-N(1)                               174.3(5)  
          C(10)-C(11)-C(12)-C(4)                                -4.6(7)  
          C(2)-N(1)-C(12)-C(11)                               -176.7(5)  
          C(13)-N(1)-C(12)-C(11)                                 9.4(8)  
          C(2)-N(1)-C(12)-C(4)                                   2.3(5)  
          C(13)-N(1)-C(12)-C(4)                               -171.5(4)  
          C(5)-C(4)-C(12)-C(11)                                  1.2(7)  
          N(3)-C(4)-C(12)-C(11)                                179.8(5)  
          C(5)-C(4)-C(12)-N(1)                                -177.9(5)  
          N(3)-C(4)-C(12)-N(1)                                   0.6(5)  
          C(2)-N(1)-C(13)-C(16)                                  3.3(7)  
          C(12)-N(1)-C(13)-C(16)                               176.0(4)  
          C(2)-N(1)-C(13)-C(14)                               -115.1(5)  
          C(12)-N(1)-C(13)-C(14)                                57.6(5)  
          C(2)-N(1)-C(13)-C(15)                                123.1(5)  
          C(12)-N(1)-C(13)-C(15)                               -64.2(6)  
          C(2)-N(3)-C(17)-C(20)                                 -4.0(7)  
          C(4)-N(3)-C(17)-C(20)                               -175.1(4)  
          C(2)-N(3)-C(17)-C(18)                                113.9(5)  
          C(4)-N(3)-C(17)-C(18)                                -57.1(5)  
          C(2)-N(3)-C(17)-C(19)                               -123.7(5)  
          C(4)-N(3)-C(17)-C(19)                                 65.3(6)  
          C(2)-Rh(1)-C(21)-C(22)                               -90.3(4)  
          C(25)-Rh(1)-C(21)-C(22)                               71.5(4)  
          C(26)-Rh(1)-C(21)-C(22)                              106.4(4)  
          Cl(1)-Rh(1)-C(21)-C(22)                              170.1(5)  
          C(2)-Rh(1)-C(21)-C(28)                               146.6(7)  
          C(22)-Rh(1)-C(21)-C(28)                             -123.0(8)  
          C(25)-Rh(1)-C(21)-C(28)                              -51.5(7)  
          C(26)-Rh(1)-C(21)-C(28)                              -16.6(7)  
          Cl(1)-Rh(1)-C(21)-C(28)                               47.1(11)  
          C(22)-C(21)-C(28)-C(27)                              -67.4(12)  
          Rh(1)-C(21)-C(28)-C(27)                               15.4(12)  
          C(21)-C(28)-C(27)-C(26)                               -2.1(18)  
          C(28)-C(27)-C(26)-C(25)                               68.1(15)  
          C(28)-C(27)-C(26)-Rh(1)                              -11.5(16)  
          C(2)-Rh(1)-C(26)-C(25)                              -172.1(7)  
          C(21)-Rh(1)-C(26)-C(25)                             -105.5(5)  
          C(22)-Rh(1)-C(26)-C(25)                              -69.7(5)  
          Cl(1)-Rh(1)-C(26)-C(25)                               90.7(5)  
          C(2)-Rh(1)-C(26)-C(27)                               -51.1(14)  
          C(21)-Rh(1)-C(26)-C(27)                               15.5(9)  
99	
	
          C(22)-Rh(1)-C(26)-C(27)                               51.3(9)  
          C(25)-Rh(1)-C(26)-C(27)                              121.1(11)  
          Cl(1)-Rh(1)-C(26)-C(27)                             -148.2(9)  
          C(27)-C(26)-C(25)-C(24)                               4.8(11)  
          Rh(1)-C(26)-C(25)-C(24)                              106.3(7)  
          C(27)-C(26)-C(25)-Rh(1)                             -101.5(7)  
          C(2)-Rh(1)-C(25)-C(26)                               172.2(7)  
          C(21)-Rh(1)-C(25)-C(26)                               72.6(5)  
          C(22)-Rh(1)-C(25)-C(26)                              108.4(5)  
          Cl(1)-Rh(1)-C(25)-C(26)                              -89.4(5)  
          C(2)-Rh(1)-C(25)-C(24)                                51.7(13)  
          C(21)-Rh(1)-C(25)-C(24)                              -47.9(9)  
          C(22)-Rh(1)-C(25)-C(24)                              -12.1(8)  
          C(26)-Rh(1)-C(25)-C(24)                             -120.5(10)  
          Cl(1)-Rh(1)-C(25)-C(24)                              150.1(8)  
          C(26)-C(25)-C(24)-C(23)                              -76.5(13)  
          Rh(1)-C(25)-C(24)-C(23)                               8.1(14)  
          C(25)-C(24)-C(23)-C(22)                               3.5(16)  
          C(28)-C(21)-C(22)-C(23)                               -1.0(11)  
          Rh(1)-C(21)-C(22)-C(23)                             -105.3(7)  
          C(28)-C(21)-C(22)-Rh(1)                              104.2(7)  
          C(24)-C(23)-C(22)-C(21)                               68.3(12)  
          C(24)-C(23)-C(22)-Rh(1)                              -13.7(11)  
          C(2)-Rh(1)-C(22)-C(21)                                90.2(4)  
          C(25)-Rh(1)-C(22)-C(21)                             -106.3(5)  
          C(26)-Rh(1)-C(22)-C(21)                              -72.0(5)  
          Cl(1)-Rh(1)-C(22)-C(21)                             -170.9(5)  
          C(2)-Rh(1)-C(22)-C(23)                              -149.7(6)  
          C(21)-Rh(1)-C(22)-C(23)                              120.1(7)  
          C(25)-Rh(1)-C(22)-C(23)                               13.8(6)  
          C(26)-Rh(1)-C(22)-C(23)                              48.2(6)  
          Cl(1)-Rh(1)-C(22)-C(23)                              -50.8(9)_____________________________ 
 Symmetry transformations used to generate equivalent atoms: 
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4. Single crystal X-Ray structure determination of compound 15 
 
Chemical formula C23H32ClIrN4S 
Formula weight 624.23 g/mol 
Temperature 293(2) K 
Wavelength 0.71073 Å 
Crystal size 0.220 x 0.280 x 0.290 mm 
Crystal system monoclinic 
Space group P 1 21/m 1 
Unit cell dimensions a = 14.278(2) Å α = 90° 
 b = 13.720(2) Å β = 106.646(4)° 
 c = 24.840(4) Å γ = 90° 
Volume 4662.1(13) Å3  
Z 8 
Density (calculated) 1.779 g/cm3 
Absorption coefficient 5.949 mm-1 
F(000) 2464 
Theta range for data collection 2.10 to 25.25° 
Index ranges -17≤h≤17, -15≤k≤16, -29≤l≤29 
Reflections collected 35470 
Independent reflections 8741 [R(int) = 0.0610] 
Max. and min. transmission 1.0000 and 0.5253 
Structure solution technique direct methods 
Structure solution program SHELXS-97 (Sheldrick, 1990) 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo2 - Fc2)2 
Data / restraints / parameters 8741 / 36 / 578 
Goodness-of-fit on F2 1.174 
Final R indices 6020 data; I>2σ(I) R1 = 0.0482, wR2 = 0.1192 




Largest diff. peak and hole 3.390 and -1.394 eÅ-3 
R.M.S. deviation from mean 0.213 eÅ-3 
 
A specimen of C23H32ClIrN4S, approximate dimensions 0.220 mm x 0.280 mm x 0.290 




The integration of the data using a monoclinic unit cell yielded a total of 35470 reflections 
to a maximum θ angle of 25.25° (0.83 Å resolution), of which 8741 were independent 
(average redundancy 4.058, completeness = 99.4%, Rint = 6.10%, Rsig = 4.26%) and 6020 
(68.87%) were greater than 2σ(F2). The final cell constants of a = 14.278(2) Å, b = 
13.720(2) Å, c = 24.840(4) Å, β = 106.646(4)°, volume = 4662.1(13) Å3, are based upon 
the refinement of the XYZ-centroids of reflections above 20 σ(I). The calculated minimum 
and maximum transmission coefficients (based on crystal size) are 0.5253 and 1.0000.  
 
The structure was solved and refined using the Bruker SHELXTL Software Package, using 
the space group P 1 21/m 1, with Z = 8 for the formula unit, C23H32ClIrN4S. The final 
anisotropic full-matrix least-squares refinement on F2 with 578 variables converged at R1 
= 4.82%, for the observed data and wR2 = 14.55% for all data. The goodness-of-fit was 
1.174. The largest peak in the final difference electron density synthesis was 3.390 e-/Å3 
and the largest hole was -1.394 e-/Å3 with an RMS deviation of 0.213 e-/Å3. On the basis 




Table 17. Atomic coordinates and equivalent isotropic atomic displacement parameters 
(Å2) for 15 is defined as one third of the trace of the orthogonalized Uij tensor. 
 x/a y/b z/c U(eq) 
Ir1 0.35020(3) 0.25 0.59091(2) 0.03445(12) 
Cl1 0.2963(3) 0.25 0.67363(16) 0.0615(11) 
C2 0.4961(8) 0.25 0.6310(5) 0.031(3) 
N3 0.5589(5) 0.3301(5) 0.6420(3) 0.0341(18) 
C4 0.6566(7) 0.3030(7) 0.6519(4) 0.041(2) 
C5 0.7386(6) 0.3564(8) 0.6587(4) 0.045(3) 
C6 0.8271(6) 0.3027(7) 0.6672(4) 0.041(2) 
N7 0.9165(6) 0.3451(9) 0.6728(4) 0.069(3) 
S8 0.9905(3) 0.25 0.6802(2) 0.0677(14) 
C17 0.5333(7) 0.4374(7) 0.6487(4) 0.040(2) 
C18 0.5913(7) 0.4713(8) 0.7065(5) 0.053(3) 
C19 0.5547(8) 0.4960(9) 0.5999(5) 0.050(3) 
C20 0.4268(7) 0.4510(8) 0.6449(5) 0.052(3) 
C22 0.3817(9) 0.3028(9) 0.5187(4) 0.067(4) 
C23 0.3108(9) 0.3621(10) 0.4806(5) 0.0692(14) 
C24 0.2050(10) 0.3674(10) 0.5023(6) 0.0826(14) 
C25 0.2082(8) 0.2987(8) 0.5467(5) 0.058(3) 
Ir2 0.76069(3) 0.25 0.40326(2) 0.03566(12) 
Cl2 0.6330(3) 0.25 0.31709(18) 0.0595(12) 
C22A 0.8715(8) 0.25 0.3641(4) 0.028(3) 
N32 0.9196(5) 0.1707(6) 0.3546(3) 0.0351(19) 
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 x/a y/b z/c U(eq) 
C42 0.0081(6) 0.1994(7) 0.3438(4) 0.040(2) 
C52 0.0829(7) 0.1463(9) 0.3358(4) 0.052(3) 
C62 0.1627(6) 0.1991(8) 0.3268(4) 0.044(3) 
N72 0.2463(6) 0.1611(9) 0.3195(4) 0.068(3) 
S82 0.3125(3) 0.25 0.31315(19) 0.0725(15) 
C172 0.8895(7) 0.0631(7) 0.3507(4) 0.044(3) 
C182 0.9637(8) 0.0071(7) 0.3995(5) 0.049(3) 
C192 0.8899(8) 0.0219(8) 0.2929(4) 0.053(3) 
C202 0.7863(7) 0.0493(7) 0.3553(5) 0.051(3) 
C222 0.6531(7) 0.3005(7) 0.4438(4) 0.051(2) 
C232 0.6936(10) 0.3644(11) 0.4893(6) 0.0841(14) 
C242 0.8006(10) 0.3594(12) 0.5151(6) 0.0839(14) 
C252 0.8625(8) 0.2994(8) 0.4785(5) 0.062(3) 
Ir3 0.76069(3) 0.25 0.90319(2) 0.03687(12) 
Cl3 0.6345(3) 0.25 0.81581(18) 0.0631(12) 
C23A 0.8730(9) 0.25 0.8634(5) 0.038(3) 
N33 0.9203(5) 0.1671(6) 0.8537(3) 0.042(2) 
C43 0.0028(6) 0.1963(7) 0.8412(4) 0.043(2) 
C53 0.0831(6) 0.1450(8) 0.8333(4) 0.045(3) 
C63 0.1589(8) 0.1981(8) 0.8251(3) 0.051(3) 
N73 0.2421(6) 0.1575(8) 0.8190(4) 0.059(3) 
S83 0.3128(3) 0.25 0.81312(19) 0.0719(15) 
C173 0.8918(6) 0.0638(7) 0.8517(4) 0.042(2) 
C183 0.9609(8) 0.0069(9) 0.8997(4) 0.052(3) 
C193 0.8897(8) 0.0242(8) 0.7929(4) 0.052(3) 
C203 0.7869(7) 0.0467(7) 0.8556(5) 0.050(3) 
C223 0.8571(9) 0.1987(9) 0.9785(4) 0.066(4) 
C233 0.8222(10) 0.1390(8) 0.0140(5) 0.072(4) 
C243 0.7069(12) 0.1438(11) 0.9995(5) 0.123(5) 
C253 0.6588(8) 0.1991(9) 0.9483(6) 0.075(4) 
Ir4 0.35016(3) 0.25 0.09108(2) 0.03609(12) 
Cl4 0.2974(3) 0.25 0.17417(15) 0.0647(12) 
C24A 0.4937(8) 0.25 0.1321(4) 0.032(3) 
N34 0.5575(5) 0.3295(6) 0.1413(3) 0.039(2) 
C44 0.6561(5) 0.3026(7) 0.1520(4) 0.037(2) 
C54 0.7400(7) 0.3574(8) 0.1597(4) 0.045(3) 
C64 0.8256(7) 0.3018(9) 0.1674(4) 0.057(3) 
N74 0.9139(6) 0.3376(7) 0.1744(3) 0.049(2) 
S84 0.9902(3) 0.25 0.1809(2) 0.0714(15) 
C174 0.5326(7) 0.4360(7) 0.1466(4) 0.043(2) 
C184 0.5532(9) 0.4955(9) 0.0996(4) 0.054(3) 
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 x/a y/b z/c U(eq) 
C194 0.5907(8) 0.4725(8) 0.2056(4) 0.051(3) 
C204 0.4261(7) 0.4489(8) 0.1445(5) 0.054(3) 
C224 0.2036(7) 0.1995(9) 0.0434(5) 0.064(4) 
C234 0.2068(11) 0.1508(13) 0.9882(7) 0.0998(14) 
C244 0.2864(8) 0.1395(9) 0.9798(5) 0.0659(14) 
C254 0.3795(9) 0.1994(9) 0.0158(4) 0.062(3) 
 






























































































































































































































































































































































































































































































































Table 20. Anisotropic atomic displacement parameters (Å2) for 15. The anisotropic atomic 
displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12
 U11 U22 U33 U23 U13 U12 
Ir1 0.0309(2) 0.0374(2) 0.0342(2) 0 0.00796(18) 0 
Cl1 0.0676(19) 0.073(2) 0.0547(17) 0 0.0356(14) 0 
C2 0.035(5) 0.030(5) 0.031(5) 0 0.013(4) 0 
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 U11 U22 U33 U23 U13 U12 
N3 0.032(3) 0.033(3) 0.037(3) 0.002(3) 0.009(3) -0.003(3) 
C4 0.044(4) 0.051(5) 0.027(4) -0.003(4) 0.009(3) -0.008(4) 
C5 0.021(3) 0.069(6) 0.050(5) 0.010(5) 0.016(3) 0.009(4) 
C6 0.035(4) 0.046(5) 0.043(4) 0.000(4) 0.011(3) 0.001(4) 
N7 0.031(4) 0.102(8) 0.077(6) -0.009(6) 0.020(4) -0.020(5) 
S8 0.0332(16) 0.091(3) 0.081(3) 0 0.0205(16) 0 
C17 0.039(4) 0.040(4) 0.042(4) 0.006(4) 0.012(4) 0.003(4) 
C18 0.044(5) 0.054(6) 0.058(6) -0.020(5) 0.009(4) -0.004(5) 
C19 0.047(5) 0.048(5) 0.056(5) 0.002(5) 0.014(4) -0.005(4) 
C20 0.038(4) 0.049(5) 0.069(6) -0.012(5) 0.015(4) 0.007(4) 
C22 0.091(7) 0.081(7) 0.023(4) -0.006(5) 0.010(4) -0.037(6) 
C23 0.0712(18) 0.0681(18) 0.0679(18) 0.0009(14) 0.0191(13) -0.0012(14)
C24 0.0822(18) 0.0814(19) 0.0829(19) 0.0012(14) 0.0216(13) 0.0005(14) 
C25 0.049(6) 0.052(5) 0.060(6) 0.009(5) -0.004(5) 0.003(5) 
Ir2 0.0349(2) 0.0335(2) 0.0396(2) 0 0.01233(18) 0 
Cl2 0.0473(18) 0.0511(19) 0.067(2) 0 -0.0053(18) 0 
C22A 0.031(5) 0.034(5) 0.017(4) 0 0.002(4) 0 
N32 0.032(3) 0.040(4) 0.031(3) 0.006(3) 0.006(3) 0.002(3) 
C42 0.028(4) 0.055(5) 0.034(4) 0.000(4) 0.008(3) -0.012(4) 
C52 0.035(4) 0.074(7) 0.047(5) -0.001(5) 0.013(4) 0.004(5) 
C62 0.026(4) 0.063(6) 0.042(4) -0.004(4) 0.009(3) 0.011(4) 
N72 0.037(4) 0.108(8) 0.066(5) 0.016(5) 0.025(3) 0.030(4) 
S82 0.0429(17) 0.117(4) 0.065(2) 0 0.0267(15) 0 
C172 0.035(4) 0.047(5) 0.047(5) 0.003(4) 0.009(4) -0.003(4) 
C182 0.055(5) 0.033(4) 0.057(5) 0.013(4) 0.014(4) 0.008(4) 
C192 0.052(5) 0.052(6) 0.053(5) -0.014(5) 0.010(5) -0.002(5) 
C202 0.050(5) 0.034(4) 0.070(6) -0.011(4) 0.021(4) -0.006(4) 
C222 0.061(5) 0.042(5) 0.065(5) -0.015(4) 0.040(3) 0.013(4) 
C232 0.0846(19) 0.0842(19) 0.0843(19) -0.0009(14) 0.0255(13) -0.0004(14)
C242 0.0847(19) 0.0832(19) 0.0834(19) -0.0009(14) 0.0233(13) 0.0003(14) 
C252 0.066(6) 0.061(6) 0.059(6) -0.007(5) 0.016(5) -0.025(5) 
Ir3 0.0372(2) 0.0409(2) 0.0332(2) 0 0.01105(18) 0 
Cl3 0.051(2) 0.070(2) 0.056(2) 0 -0.0035(17) 0 
C23A 0.028(5) 0.054(7) 0.028(5) 0 0.002(5) 0 
N33 0.024(3) 0.049(4) 0.051(4) 0.001(4) 0.007(3) 0.000(3) 
C43 0.039(4) 0.058(5) 0.036(4) -0.002(4) 0.018(3) 0.007(4) 
C53 0.036(4) 0.057(5) 0.044(5) -0.004(4) 0.012(4) 0.009(4) 
C63 0.065(6) 0.079(7) 0.006(3) -0.001(4) 0.005(3) -0.013(5) 
N73 0.046(4) 0.089(7) 0.043(4) -0.004(5) 0.011(4) -0.001(5) 
S83 0.0456(18) 0.120(4) 0.055(2) 0 0.0213(15) 0 
C173 0.031(4) 0.049(5) 0.045(5) -0.006(4) 0.010(3) 0.002(4) 
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 U11 U22 U33 U23 U13 U12 
C183 0.060(5) 0.050(5) 0.048(5) 0.006(5) 0.018(4) 0.015(4) 
C193 0.050(5) 0.064(7) 0.041(5) -0.004(5) 0.009(4) -0.002(5) 
C203 0.040(4) 0.043(5) 0.072(6) -0.001(5) 0.025(4) -0.003(4) 
C223 0.081(7) 0.087(8) 0.023(4) -0.008(5) 0.005(5) -0.003(6) 
C233 0.112(9) 0.050(5) 0.052(5) 0.016(4) 0.021(6) 0.011(6) 
C243 0.204(12) 0.108(8) 0.091(6) 0.066(5) 0.097(6) 0.006(8) 
C253 0.083(6) 0.061(7) 0.102(7) -0.002(6) 0.062(5) -0.008(6) 
Ir4 0.0331(2) 0.0455(2) 0.0281(2) 0 0.00645(18) 0 
Cl4 0.066(2) 0.093(3) 0.0443(16) 0 0.0297(14) 0 
C24A 0.023(5) 0.052(7) 0.021(4) 0 0.006(4) 0 
N34 0.025(3) 0.057(4) 0.030(3) -0.003(3) 0.002(3) 0.007(3) 
C44 0.016(3) 0.061(5) 0.038(4) 0.003(4) 0.013(3) -0.002(3) 
C54 0.052(5) 0.052(5) 0.034(4) -0.004(4) 0.016(3) -0.012(4) 
C64 0.026(4) 0.108(8) 0.036(4) -0.003(5) 0.008(3) -0.014(5) 
N74 0.034(4) 0.071(5) 0.046(4) 0.005(4) 0.015(3) -0.004(4) 
S84 0.0299(16) 0.118(4) 0.067(2) 0 0.0143(15) 0 
C174 0.046(5) 0.044(5) 0.040(4) -0.012(4) 0.012(4) -0.003(4) 
C184 0.063(5) 0.054(5) 0.044(5) 0.003(5) 0.016(4) 0.004(5) 
C194 0.053(5) 0.057(6) 0.042(5) -0.005(4) 0.012(4) -0.007(5) 
C204 0.042(5) 0.048(5) 0.067(6) -0.018(5) 0.009(4) 0.002(4) 
C224 0.033(5) 0.075(7) 0.069(7) 0.010(6) -0.011(5) -0.005(5) 
C234 0.0996(19) 0.0991(19) 0.0996(19) -0.0018(14) 0.0269(13) -0.0004(14)
C244 0.0684(18) 0.0643(18) 0.0642(18) -0.0013(14) 0.0176(13) -0.0008(14)
C254 0.082(7) 0.068(6) 0.033(5) -0.010(5) 0.013(5) 0.006(6) 
 
Table 21. Hydrogen atomic coordinates and isotropic atomic displacement parameters (Å2) 
for 15
 x/a y/b z/c U(eq) 
H5 0.7375 0.4242 0.6578 0.055 
H18A 0.5774 0.4298 0.7344 0.08 
H18B 0.5735 0.5371 0.7122 0.08 
H18C 0.6598 0.4684 0.7096 0.08 
H19A 0.6196 0.4814 0.5983 0.076 
H19B 0.5496 0.5645 0.6065 0.076 
H19C 0.5083 0.4783 0.5650 0.076 
H20A 0.3871 0.4231 0.6105 0.078 
H20B 0.4127 0.5193 0.6457 0.078 
H20C 0.4129 0.4193 0.6762 0.078 
H22 0.4316 0.3342 0.5455 0.08 
H23A 0.2956 0.3348 0.4431 0.083 
H23B 0.3367 0.4272 0.4797 0.083 
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 x/a y/b z/c U(eq) 
H24A 0.1975 0.4328 0.5154 0.099 
H24B 0.1487 0.3535 0.4706 0.099 
H25 0.2107 0.3269 0.5812 0.069 
H52 0.0821 0.0786 0.3362 0.062 
H18D 0.0282 0.0127 0.3952 0.074 
H18E -0.0545 -0.0604 0.3983 0.074 
H18F -0.0371 0.0347 0.4349 0.074 
H19D -0.1458 0.0649 0.2638 0.08 
H19E -0.1403 -0.0412 0.2878 0.08 
H19F -0.0439 0.0164 0.2913 0.08 
H20D -0.2138 0.0592 0.3935 0.076 
H20E -0.2357 -0.0155 0.3437 0.076 
H20F -0.2567 0.0957 0.3315 0.076 
H22B -0.3774 0.3301 0.4096 0.061 
H23C -0.3379 0.3514 0.5184 0.101 
H23D -0.3230 0.4306 0.4764 0.101 
H24C -0.1869 0.3289 0.5517 0.101 
H24D -0.1742 0.4254 0.5210 0.101 
H25B -0.1028 0.3334 0.4581 0.075 
H53 0.0846 0.0772 0.8337 0.055 
H18G 0.0270 0.0155 0.8985 0.078 
H18H -0.0557 -0.0610 0.8959 0.078 
H18I -0.0452 0.0305 0.9349 0.078 
H19G -0.1451 0.0690 0.7646 0.079 
H19H -0.1424 -0.0380 0.7871 0.079 
H19I -0.0446 0.0170 0.7908 0.079 
H20G -0.2200 0.0765 0.8892 0.075 
H20H -0.2251 -0.0221 0.8566 0.075 
H20I -0.2594 0.0749 0.8235 0.075 
H22C -0.1173 0.1679 0.9524 0.079 
H23E -0.1491 0.1593 1.0526 0.086 
H23F -0.1579 0.0723 1.0105 0.086 
H24E -0.3186 0.0778 0.9952 0.147 
H24F -0.3102 0.1731 1.0310 0.147 
H25C -0.3721 0.1658 0.9154 0.089 
H54 0.7399 0.4252 0.1597 0.054 
H18J 0.6213 0.4908 0.1019 0.081 
H18K 0.5365 0.5625 0.1032 0.081 
H18L 0.5147 0.4709 0.0639 0.081 
H19J 0.5790 0.4300 0.2337 0.077 
H19K 0.5701 0.5374 0.2112 0.077 
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 x/a y/b z/c U(eq) 
H19L 0.6593 0.4729 0.2086 0.077 
H20J 0.3852 0.4233 0.1098 0.08 
H20K 0.4124 0.5170 0.1472 0.08 
H20L 0.4134 0.4147 0.1754 0.08 
H22D 0.2018 0.1635 0.0748 0.077 
H23G 0.1764 0.0872 -0.0136 0.12 
H23H 0.1665 0.1891 -0.0426 0.12 
H24G 0.2783 0.1541 -0.0595 0.079 
H24H 0.3026 0.0708 -0.0150 0.079 





































5. Single crystal X-Ray structure determination of compound 18·0.5CH2Cl2 
 
Chemical formula C15.50H21AuCl2N4S 
Formula weight 563.29 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.056 x 0.084 x 0.200 mm 
Crystal system monoclinic 
Space group C 1 2/m 1 
Unit cell dimensions a = 11.7023(9) Å α = 90° 
 b = 13.1728(10) Å β = 109.539(2)° 
 c = 12.2360(9) Å γ = 90° 
Volume 1777.6(2) Å3  
Z 4 
Density (calculated) 2.105 g/cm3 
Absorption coefficient 8.699 mm-1 
F(000) 1084 
Theta range for data collection 2.41 to 33.20° 
Index ranges -18≤h≤18, -20≤k≤20, -18≤l≤18 
Reflections collected 54236 
Independent reflections 3524 [R(int) = 0.0338] 
Max. and min. transmission 1.0000 and 0.6462 
Structure solution technique direct methods 
Structure solution program SHELXT-2014 (Sheldrick 2014) 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014 (Sheldrick 2014) 
Function minimized Σ w(Fo2 - Fc2)2 
Data / restraints / parameters 3524 / 0 / 123 
Goodness-of-fit on F2 1.157 
Δ/σmax 0.002 
Final R indices 3464 data; I>2σ(I) R1 = 0.0138, wR2 = 0.0368 




Largest diff. peak and hole 1.319 and -1.712 eÅ-3 
R.M.S. deviation from mean 0.340 eÅ-3 
A specimen of C15.50H21AuCl2N4S, approximate dimensions 0.056 mm x 0.084 mm x 0.200 




The integration of the data using a monoclinic unit cell yielded a total of 54236 reflections 
to a maximum θ angle of 33.20° (0.65 Å resolution), of which 3524 were independent 
(average redundancy 15.390, completeness = 99.6%, Rint = 3.38%, Rsig = 1.25%) and 3464 
(98.30%) were greater than 2σ(F2). The final cell constants of a = 11.7023(9) Å, b = 
13.1728(10) Å, c = 12.2360(9) Å, β = 109.539(2)°, volume = 1777.6(2) Å3, are based upon 
the refinement of the XYZ-centroids of reflections above 20 σ(I). The calculated minimum 
and maximum transmission coefficients (based on crystal size) are 0.6462 and 1.0000.  
 
The structure was solved and refined using the Bruker SHELXTL Software Package, using 
the space group C 1 2/m 1, with Z = 4 for the formula unit, C15.50H21AuCl2N4S. The final 
anisotropic full-matrix least-squares refinement on F2 with 123 variables converged at R1 
= 1.38%, for the observed data and wR2 = 5.37% for all data. The goodness-of-fit was 
1.157. The largest peak in the final difference electron density synthesis was 1.319 e-/Å3 
and the largest hole was -1.712 e-/Å3 with an RMS deviation of 0.340 e-/Å3. On the basis 




Table 22. Atomic coordinates and equivalent isotropic atomic displacement parameters 
(Å2) for 18.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
 x/a y/b z/c U(eq) 
Au1 0.58575(2) 0.5 0.14550(2) 0.00811(4) 
Cl1 0.74138(7) 0.5 0.07000(7) 0.01352(13) 
S8 0.16073(8) 0.5 0.61269(7) 0.01438(14) 
N7 0.20582(18) 0.59507(16) 0.55462(17) 0.0130(3) 
C2 0.4599(3) 0.5 0.2241(2) 0.0077(4) 
N3 0.42060(16) 0.58397(14) 0.26682(15) 0.0073(3) 
C6 0.26237(19) 0.55454(17) 0.48388(18) 0.0096(3) 
C4 0.36298(18) 0.55446(16) 0.34566(17) 0.0078(3) 
C5 0.31526(19) 0.61090(17) 0.41514(18) 0.0098(3) 
C19 0.5031(2) 0.75644(18) 0.3293(2) 0.0140(4) 
C20 0.4655(2) 0.70388(17) 0.1248(2) 0.0129(4) 
C18 0.2891(2) 0.73073(19) 0.1855(2) 0.0156(4) 
C17 0.42069(19) 0.69307(16) 0.22800(18) 0.0087(3) 
C9 0.0 0.5426(6) 0.0 0.0204(13) 




























































































Table 25. Anisotropic atomic displacement parameters (Å2) for 18. The anisotropic atomic 
displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 U11 U22 U33 U23 U13 U12 
Au1 0.00814(5) 0.00786(5) 0.00995(5) 0 0.00518(4) 0 
Cl1 0.0123(3) 0.0145(3) 0.0174(3) 0 0.0098(2) 0 
S8 0.0158(3) 0.0194(4) 0.0121(3) 0 0.0101(3) 0 
N7 0.0145(8) 0.0157(8) 0.0117(8) -0.0009(6) 0.0081(6) 0.0017(7) 
C2 0.0075(11) 0.0070(11) 0.0082(10) 0 0.0022(9) 0 
N3 0.0081(7) 0.0073(7) 0.0078(6) 0.0000(5) 0.0042(5) -0.0004(5) 
C6 0.0098(8) 0.0118(8) 0.0083(8) -0.0004(6) 0.0047(6) 0.0004(6) 
C4 0.0087(8) 0.0080(8) 0.0074(7) -0.0001(6) 0.0034(6) -0.0001(6) 
C5 0.0115(8) 0.0097(8) 0.0102(8) -0.0003(6) 0.0063(7) 0.0009(7) 
C19 0.0178(10) 0.0110(9) 0.0136(9) -0.0030(7) 0.0060(8) -0.0033(7) 
C20 0.0184(10) 0.0099(8) 0.0141(9) 0.0017(7) 0.0102(8) -0.0001(7) 
C18 0.0125(9) 0.0171(10) 0.0179(10) 0.0060(8) 0.0058(8) 0.0063(8) 
C17 0.0099(8) 0.0071(8) 0.0104(8) 0.0008(6) 0.0049(6) 0.0004(6) 
C9 0.018(3) 0.014(3) 0.030(4) 0 0.008(3) 0 
Cl2 0.0227(6) 0.0328(7) 0.0427(8) -0.0188(6) 0.0090(6) 0.0004(5) 
 
Table 26. Hydrogen atomic coordinates and isotropic atomic displacement parameters 
(Å2) for 18.  
 x/a y/b z/c U(eq) 
H5 0.3179 0.6830 0.4166 0.012 
H19A 0.4724 0.7536 0.3945 0.021 
H19B 0.5038 0.8271 0.3044 0.021 
H19C 0.5857 0.7291 0.3535 0.021 
H20A 0.5511 0.6843 0.1483 0.019 
H20B 0.4566 0.7746 0.0984 0.019 
H20C 0.4176 0.6597 0.0616 0.019 
H18A 0.2408 0.6887 0.1203 0.023 
H18B 0.2868 0.8015 0.1602 0.023 
H18C 0.2556 0.7260 0.2488 0.023 
H9A -0.0612 0.5870 0.0153 0.025 





















C20-H20B...Cl2 0.98 2.88 3.727(3) 145.2 
C20-H20C...Cl1 0.98 2.91 3.860(2) 163.0 
C18-H18A...Cl2 0.98 2.90 3.579(3) 127.3 
C18-H18B...Cl1 0.98 2.82 3.790(2) 171.1 
C9-H9A...Cl1 0.99 2.85 3.4558(14) 120.1 
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